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ABSTRACT 
The methods most widely used for. the assay of amino acids, peptides 
and proteins are surveyed and the advantages of microbiological assays 
are discussed. Comparisonsare~made between the use of 'natural? 
\ 
auxotrophs commonly used for assay and 'artificial' mutant strains of 
E. coli as assay organisms. 
A novel assay is described in which an E.coli Lys auxotroph is used 
to measure Lys-dependent protein synthesis. The response to a given 
quantity of Lys is constant irrespective of whether it is free, peptide-
bound or present in a complex mixture. Since the measured response is 
enzyme synthesis rather than growth the technique has the advantage of 
sensitivity and speed. The enzyme measured is the inducible enzyme 
s -galactosidase, which liberates a -nitrophenol £ron the chromogenic 
substrate a-ni trophenol-13-D-galactopyranoside. The number of active 
enzyme molecules that can be synthesised by the auxotroph depend solely 
on the· Lys present. Thus the amount of available Lys in a digest can be 
determined by reference to a calibration curve of enzyme activity v. Lys 
concentration. 
Optimisation of the method and the isolation, selection and 
characterisation of the mutants to assay for available Lys. Met and Trp 
is described .. and the_-_sensi tivi ty of the assay is similar for all three amino 
acids. Application of the technique to measure Lys, Met and Trp present 
in digests of a variety of pure proteins, feed meals and rice varieties 
is described and results are compared with published data. 
The assay response to Met(O) led to the study of the effects of 
physiological status of E. coli on oxidation and reduction of Met(O) and 
on cleavage of Met(02 ) residues. 
Finally 9 since the auxotrophic requirement for the Lys Met strain 
could be replaced by B12 a preliminary investigation of the use of the 
technique to assay for this vitamin is reported. 
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CHAPTER ONE 
INTRODUCTION 
1 
1-1 Introductory Remarks 
''A precise method of evaluating protein quality is important, 
not only to make possible the estimation of the amount of a given 
protein mixture required to meet physiological needs for protein but 
also to guide efforts aimed at improving food crops and food mixtures 
and to monitor the nutritionally adverse effects of food processing 
procedures" (Scrimshaw & Young, 1977). Methods for assessment of 
protein quality, and, perhaps, for ranking foods in these terms would 
be useful for some applications, but measurement of biological 
availability of individual amino acids is probably more important. 
This thesis describes the development and subsequent applications 
of an enzymic assay for amino acids using auxotrophic strains of the 
bacterium Escherichia coli. 
Many chemical, biological, and microbiological methods have been 
described for measuring protein nutritional value and it is clear that 
no single assay is applicable to all samples for all requirements. 
Chemical analyses have advantages of speed and simplicity but 
when, as is commonly the case, these involve an acid hydrolysis step 
this destroys certain residues and may liberate residues from 
linkages that would be resistant to digestion and/or absorption 
in vivo, hence they will not yield information that strictly correlates 
with nutritional availability. 
Animal feeding tests are prolonged, and require a large quantity 
of sample, making them unsuitable for many applications, e.g., for 
screening new plant cultivars, or for quality control during food 
processing. Also, results depend on the type of animal chosen for the 
assay since direct comparison of digestion and utilisation between 
spec1es may not always be justified. 
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To try and overcome these problems, many microbiological assays 
have been developed. These usually involve measuring a nutrient-
dependent growth response shown by a microorganism that has an 
auxotrophic requirement for the particular amino acid under test 
(Section 1-5). 
These assays have been widely used and well documented, but 
results are often difficult to interpret; techniques, including the 
culture of particularly fastidious organisms, are often relatively 
complex, and problems caused by the nature of the sample as well as 
intra and inter~laboratory variations are common, 
In the work described here, Escherichia coli is used as the test 
organism and rather than measuring growth, nutrient-dependent enzyme 
synthesis is determined. The advantages of Escherichia coli compared 
with other microorganisms more commonly used for amino acid assays, 
and the reasons for using an enzymic method are discussed fully 1n 
Chapter 3 (Section 3-1-1). In order to put this study into 
perspective, the literature relating to the nutritional evaluation 
of amino acids in foods, will first be reviewed. 
The survey will be confined to four main areas: Choice of assay 
method; Chemical methods; Biological methods; Microbiological methods. 
In this survey, particular attention is paid to the advantages and 
disadvantages of each type of method and to a comparison of the 
results obtained from each. It is not intended to be an exhaustive 
survey of the literature, and further information may be found in the 
following reviews; (Bodwell, 1977; Bodwell~ al., 1981; Evans & Witty, 
1978; Ford, 1.981; Payne & Tuffnell, 1980; Pellett, 1978; Satterlee et 
~., 1979; and Reports of the P.A.G., 1975; and I.A.E.A., 1975 and 
1977). 
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1-2 Choice Of Assay 
The object of the assay may be to determine the total amino acid 
complement of the sample or certain individual amino acids. An amino 
acid of interest may be free or chemically combined. Free amino 
acids may be in complex mixtures such as human body fluids and 
tissues. or microbial or plant products. If they are bound, they 
generally occur as components of proteins and more rarely in the form 
of small peptides. In this case 9 it is usually the nutritional 
evaluation that is of interest i.e., determination of the quantity 
and/or quality of the entire protein. Quantity can be determined from 
protein content per unit weight of an animal feed or supplement for 
example; quality relates to the amino acid composition of the protein 9 
or more particularly to the levels of the nutritionally more 
important amino acids such as lysine and methionine. The selection 
of any method will always impose certain limitations and the final 
choice of method will depend on the type of results required 9 the 
nature and size of the sample, facilities available 9 etc. The 
nutritional quality of different foodstuffs is to a large extent 
dependent on their content of Lys, Met and Trp 9 and to a lesser 
extent on Thr, Leu and Ile. The amino acid that is most deficient in 
relation to the standard protein is known as the first limiting am1no 
acid. The standard protein, or reference pattern of amino acids, now 
most often used is that suggested by the F.A.O. (1973) based on an 
estimation of the amino acid requirements of young children; whole 
~ 
egg protein has been adopted as this standard. A chemical score 
;1 
(amino acid score) (Block & Mitchell, 1947; Bender, 1961 and 1973) 
can be calculated by dividing the content of the limiting amino acid 
in the test protein by the content of the same amino acid in the 
reference protein. 
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The amino acid score of the limiting amino acid provides a chemical 
prediction of the nutritional value of the test protein and may be 
taken as a first approximation of the possible efficiency of its 
utilization by children (Table 1.1). 
The procedure~ however~ does not take into account differences 
in digestibility of proteins or the biological availability of amino 
acids. Also~ whole egg proteins are atypical in that they are very 
high in sulphur-containing amino acids. Historically~ in 1957~ a 
modified term "protein score" was used in place of chemical score. 
This used a hypothetical reference protein derived from the human 
requirement pattern instead of egg protein as the reference standard. 
However~ this also led to discrepancies, and in 1965, a new pattern 
and method of calculation, again based on egg protein was adopted 
but, cumbersome calculations were involved and many workers continued 
to use the "protein score" method. Finally in 1973, the F.A.O./W.H.O. 
suggested a new pattern which is still in use~ based on the more 
recent evaluation of human amino acid requirements for children. 
This returned to the use of total nitrogen rather than total essential 
amino acids as the basis of comparison. In Table 1.2 is shown a 
comparison of the whole egg pattern and the reference scoring patterns 
for Lys, Trp and S-amino acids. The requirements for total nitrogen 
and essential amino acids decline with age, therefore, the "quality" 
of a protein must be related to the age of the subject who consumes it. 
In this work, consideration of choice of methods and procedures 
is limited mainly to those that could be used for plant material such 
as cereals and legumes, but the criteria for selection are the same 
irrespective of the test material. 
5 
Table 1.1 
Comparison of Nutritional Quality of 
Whole Egg Protein Standard and \-.Thole Wheat Protein 
Percentage Composition 
Amino Acid Egg Wheat 
His 2.1 2.1 
Tyr 4.5 4.4 
Phe 6.3 5.7 
Trp 1.5 1.2 
Leu 9.2 6.8 
Thr 4.9 3.3 
Arg 6.4 4.2 
Het & Cys 6.5 4.3 
Val 7.3 4.5 
Ile 8.0 3.6 
Lys 7.2 2.7 
For wheat: Amino acid in greatest def~cit is lysine 
Chemical score of wheat proteins = 2.7 x 100 
7.2 
Data adapted from Satterlee ~ ~·, 1979. 
37 i~ 
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Table 1.2 
Reference Scoring Patterns 
Reference Pattern 
Amino Acid Whole Egg F.A.O. 1957 F.A.O./W.H.O. 1973 
Lys 440 270 340 
Trp 106 90 60 
Total Sulphur 355 270 220 
amino acids 
Data adapted from Pellett~ 1978. 
1-3 Chemical Hethods 
1-3-1 Introduction 
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Where straightforward qualitative and quantitative results for 
amino acids are required, chemical methods may be adequate. Many of 
the methods are indirect, and they may be useful in screening 
procedures to identify samples of interest, although they often 
require fairly large samples. Although results may need to be 
confirmed by nutritional evaluations, chemical methods in general are 
quick and can often be automated to permit a rapid throughput of 
samples. They often lack specificity and sensitivity and the content 
of say, Met or Lys, determined chemically does not always correlate 
with the nutritional value of the component. For example, chemical 
methods frequently involve an acid hydrolysis step which may liberate 
amino acid residues not released by normal digestion in vivo. These 
would therefore not be absorbed by the gut and utilised. This 
situation may arise with samples that have become chemically modified, 
by heat treatment or processing, that are often not susceptible to 
enzymic hydrolysis (Bjarnason & Carpenter, 1969; Ford, 1975; Ford & 
Sharrock, 1971; Hauron, 1972). Further discussion of heating effects 
1s found in Chapter 6. ( s!Pction 6-3). 
On the other hand, acid hydrolysis may destroy or modify some 
residues such as Trp and Thr leading to underestimates of their true 
nutritional value; whereas antinutritional factors 1n the sample may 
impair utilisation and in this case chemical assays overestimate 
nutritional values. The complementary use of two chemical methods may 
overcome the limitations of either method used alone, but the 
advantage of assay speed and simplicity is then lost. 
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In summary. chemical assays may be satisfactory in many cases 
and are widely used, but results should be interpreted with great 
care since such results do not provide a reliable prediction of 
nutritional value, Some of the commonly used procedures are 
discussed in the next sections. 
1-3-2 Total Nitrogen 
Total nitrogen values are frequently used to obtain an estimate 
of protein content. The Kjeldahl method in its various forms is 
commonly used. Acid digestion of a protein liberates ammonia which 
can be determined by titration or colorimetry (A.O.A.C •• 1975 and 
Reports of P.A.G., 1975; I.A.E.A., 1977). Variations in the method 
are frequently being published, in a recent paper (Ngonge & Murray-
Ballance, 1982), a 40% increase in sensitivity over other colorimetric 
procedures was claimed by optimising reagent concentrations, 
temperature, pH and incubation time. The Dumas combustion method 
gives reproducible results in agreement with those from the Kjeldahl 
method, although it is generally less applicable; however, it can be 
fully autorrtated and hence many samples can be handled daily, Other 
physical methods have been described, but the need for sophisticated, 
expensive equipment precludes their general use. Nitrogen values, 
however derived, are multiplied by a standard factor to convert to 
protein values. This factor can vary according to the protein 
source (F.A.O., 1973). It is 6.38 for milk, 5.3 for some legumes, 
5.7 for cereals (Bender,l978); an average value of 6.25 is often used 
to convert from nitrogen to protein for many mixed food proteins. 
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Since it is not absolutely correct to convert am~no nitrogen values 
to protein nitrogen by using the value 6.25 and then expressing amino 
acids as a percentage of protein (although this ~soften done), a 
common convention is to express each am~no acid ~n grams per 16 gram 
total nitrogen. This is the same as percentage assuming a 6.25 
conversion factor. Some authors quote grams amino nitrogen per grams 
protein nitrogen (Bender, 1978). It is apparent therefore that care 
should be taken in the interpretation of quoted data. 
1-3-3 Total Protein 
Of the many methods used for total protein, none ~s without 
limitations, generally through lack of specificity or by interference 
from non-protein components. For many assays, preparation of the 
sample is important, it must be finely divided to permit access of 
reagents. The Biuret reagent (alkaline CuS04) reacts with peptide 
bonds to give a coloured complex; a simple, quick reaction, useful 
for protein screening (Greenway & Davis, 1975). Certain dyes (e.g., 
Orange G), which bind to basic groups, give an indication of the 
content of basic amino acids (Lys and Arg), and if these are fairly 
constant in different proteins, the amount of bound dye is an 
indication of protein content (Almog & Berns, 1981; Simpson & Sonne, 
1982). A dye-binding assay (BioRad Assay) has been routinely used 
here to evaluate protein concentration, and is described in Chapter 2. 
A new competitive dye~binding method has been developed (Best 
~ al., 1982), but this more complex procedure increases the assay 
time considerably, The widely used Lowry method (Lowry~~·· 1951) 
depends on a reaction with tyrosine residues and hence is susceptible 
to interference and inaccuracies caused by variable tyrosine content. 
The method is reviewed by Peterson (1979). 
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A comparison of these methods is given 1n Table 1.3, from which 
it can be seen that the absolute values for any particular protein are 
affected by the assay method selected. 
Turbidometric measurements of protein fractions extracted by 
different methods gives a quick, simple assay, although generally not 
of high accuracy (Paulis & Wall, 1975). Fluorimetric and radioisotopic 
methods, both for total protein and for specific amino acids have been 
developed, but the techniques are fairly complex (Goodno ~ ~., 1981). 
An E.S.C.A. (Electron Spectroscopy for Chemical Analysis) method 
(Peeling~~·· 1976), has been developed but it requires 
sophisticated equipment and skilled operators, although it has been 
shown to be rapid and sensitive. 
1-3-4 Amino Acids 
In conventional assays to measure the am1no acid content of 
proteins, the samples are first hydrolysed. Although the hydrolysis 
may be acid, alkaline or enzymic, usually a strong acid (6M HCl) is 
used at 110°C for up to 24 hours in sealed evacuated tubes. Certain 
residues, especially Trp and to a lesser extent Ser and Thr, are 
destroyed. Met and Cys can only be quantitated if the sample is 
oxidised with performic acid to produce Met 02 and cysteic acid, 
To determine Trp, alkaline hydrolysis at 120°C with barium hydroxide 
1s necessary although this destroys several other amino acids. Both 
acid and alkaline hydrolysis may give rise to other chemical reactions 
in the sample and the non-physiological nature of the process is clear. 
Enzymic hydrolysis in vitro with proteases and peptidases approximates 
better to digestive processes but for complete digestion, a mixture of 
enzymes 1s required. Automatic amino acid analysis of hydrolysed 
samples are generally used (Blackburn, 1968; Longenecker, 1973). 
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Table 1. 3 
-1 Comparative Protein Analyses (10 mg.ml ) 
Protein (mg/ml) 
Protein Biuret Lowry Bio-Rad 
Alcohol dehydrogenase 5.8 5.0 7.8 
oL Amylase 6.8 6.0 8.3 
B.S.A. 9.7 8.4 21.1 
Catalase 7.6 6.3 9.7 
Ovalbumin 10.2 10.1 9.4 
Fibrinogen 6.2 7.3 7.8 
([ globulin (rabbit) 9.4 ll.8 8.0 
~ galactosidase 9.5 9.9 7.9 
Lysozyme 10.4 12.6 9.9 
Hyoglobin 13.7 7.9 20.7 
Pepsin 9.8 12.4 4.1 
Ribonuclease 11.8 15.9 5.3 
Trypsin 11.4 15.5 4.9 
Data quoted from Bio-Rad Laboratories~ 1979· 
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However~ they are fairly slow and are expensive to run for routine 
screenings; one recent estimate quoted $100 per complete amino acid 
analysis for a single sample (Skogberg & Richardson, 1979)! 
Quantitation is usually by colorimetry after reaction with ninhydrin, 
although greater sensitivity can be obtained with fluorescent 
derivatives using fluorescamine or o=phthaldehyde (Steinhart, 1978). 
Gas liquid chromatography and HPLC may be used as alternatives to 
ion-exchange systems (Desgres et ~., 1979; Tajima ~ al.~ 1978). 
Comparisons have been made between autoanalyser and other methods 
(Evans~~ •• 1976). 
Whichever reference scoring pattern 1s used, it is found that 
for humans, Lys is the first limiting amino acid in about half of all 
protein foods, whereas Met and Cys are first limiting in about one 
third of foods (Table 1.4). Trp, and in some circumstances Thr~ Leu 
and Ile are also important. Chemical assays that have been.described 
for these particular amino acids include for Lys: (Booth, 1971; 
Carpenter, 1960; Carpenter & Booth, 1973; Concan, 1975; Finley & 
Friedman, 1973; Goodono et al., 1981; Holsinger & Posati, 1975; 
Kakade & LiMner, 1969; Skogberg & Richardson, 1979), for Met: (Concan, 
1975; Ellinger & Duncan, 1976; Evans ~ al, 1976; Lipton & Bodwell, 
1975) and for Trp: (Concan, 1975; Friedman & Finley, 1971, 1975). 
Met is the amino acid with which most variation has been observed 
(Derse, 1969; Knipfel ~ ~. 1975), and con~on problems encountered 
with its quantitation are discussed further in Chapter 5). 
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Table 1.4 
Comparison of Limiting Amino Acids in Foods Calculated by 
Using the F.A.O./W.H.O. (1973) Pattern as Reference 
Food Chemical First Limiting Second Limiting 
score amino acid amino acid 
Whole egg 100 
Human milk 84.1 Metp Cys Val 
Cow's milk 94.5 Met. Cys 
Ca~_in 91.4 Met. Cys 
Beef 100 
Pork 100 
Fish 100 
Maize 49.1 Lys Trp 
Millet 62.9 Lys Thr 
Oats 68.2 Lys Thr 
Wheat 56.2 Lys Thr 
Wheat gluten 26.1 Lys Thr 
Bean (Phaseolus) 54.1 Met~ Cys Val 
Rice (polished) 66.5 Lys Met. Cys 
Yam 75.3 Lys Met. Cys 
Ground nut 65 Lys Thr 
Pea 57.7 Met. Cys Trp 
(from L.R. Hackler~ 1977. In vivo Indices: Relationships to 
Estimating Protein Value for the Human), 
1-4 Biological Methods 
1-4-1 Introduction 
1 A 
.1.'-! 
Bioassays are used to measure the efficiency of utilisation of 
dietary proteins as sources of essential amino acids under a set of 
standard conditions often comparing the 11 unknown preparation11 with a 
reference standard. The biological response most frequently measured 
1s growth. These assays do not provide absolute quantitative values 
of a protein or its individual amino acids but rather. they provide 
a measure of these components in terms of their nutritional effect. 
The methods were designed for proteins rather than for amino acid 
mixtures or peptides. These measures of protein quality are a 
function of the nutritionally limiting amino acid which determines 
the overall usefulness of the protein. Biological assays do not. 
therefore. yield information about other non-limiting amino acids and 
should not be taken as full description of a protein (Bender 1958). 
Animals require amino acids to synthesise new tissues when 
growing and also for tissue maintenance and repair in adulthood. 
Recommended protein allowances have been calculated although these 
are open to debate: recommended (high quality) protein intakes have 
been suggested (F.A.O. 1973). as 1.5g Kg-1 (infants- 6 months); 
l.Og Kg-l (children- 5 years) and 0.5g Kg-l (adults). Certain amino 
acids are essential (Lys. Thr~ Trp. Phe. Met, His, Leu. Ile 9 Val and 
Arg). in that they cannot be synthesised 1n animal tissues (Heimann. 
1980) and must therefore be supplied in the diet. Cystine can 
replace part of the requirement for Met and Tyr part of that for Phe. 
therefore, these must also be considered (National Academy of Sciences, 
1980). 
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In the absence of one of these, net protein synthesis cannot occur 
and others will therefore be wasted. The other protein amino acids 
can be synthesised by the (human) body but it is usually the case 
that if a diet contains adequate essential amino acids it is likely 
to contain sufficient non-essential amino acids. 
The nutritional quality of any protein is determined primarily 
by the quantity~ availability and proportions of the essential amino 
acids it contains; and also, for optimum utilisation the presence of 
sufficient non-essential amino acids (Wolzak et ~·· 1981). 
A high quality protein contains all of the essential amino acids 
in a utilisable form in amounts that match the average composition of 
the body protein. In general, an animal's nutritional requirements 
can be met as adequately by larger amounts of poor quality protein as 
by smaller amounts of high quality protein, although with the former 
source a larger proportion of protein nitrogen will be excreted as 
urea and more protein=carbon will be channelled into energy. 
Variations in the relative utilizability of a poor protein, a mixture 
of its free amino acids, or small peptides of the same composition, 
are well known. 
Although bioassays have unique advantages they cannot always be 
applied for one or more of the following reasons: they take a long 
time to complete, require a large quantity of sample, and are 
expensive. Being slow and imprecise precludes their use for routine 
screening of large numbers of samples. The validity of extrapolating 
results gained with~ say, the rat to man is a continuous point of 
debate and it is frequently argued that the proper species to use in 
the study of nutrition of man is man himself. However, such studies 
pose unique difficulties and may also raise ethical questions, 
especially if young children are used. 
lb 
In biological assays, results may be influenced by so many 
factors that adequate controls are difficult to incorporate and 
reproducibility between laboratories is not easy to achieve. Even 
slight differences in sample preparation level and type of energy 
source, age and nutritional status of test animals, presence of 
other nutritional factors that may spare certain amino acids, or 
anti-nutritional factors that may limit digestion and/or absorption 
may all influence test results. 
The ethical problems in using humans have been mentioned, and, 
in addition, it has been estimated (Satterlee~~ •• 1979) that to 
determine a nitrogen balance index (Section 1-3-2) using human 
subjects can take 45 days and cost $18,000 per sample; clearly, on 
cost limitations alone, human assays cannot be used on a routine 
basis for protein quality testing. 
In biological assays, extensive data may be collected. Methods 
for statistical analysis of results and for determination of intra-
and inter-laboratory variation in collaborative trials have been 
published (Puri & Mullen, 1980; Rudemo ~ al., 1979). 
1-4-2 Amino Acids 
The conclusions from studies on the biological response to free 
amino acids are frequently conflicting; reports that the response to 
amino acid mixtures corresponds to that on proteins (Ramasarma ~ al., 
1949; Sauberlich, 1961) conflict with other studies that have shown 
amino acid mixtures to be nutritionally inferior to whole proteins 
of identical composition (Rose~~ al., 1954; Ahrens~~·· 1966). 
Many suggestions have been made to try and explain these 
differences. The most likely explanation seems to involve the 
difference in their absorption and thus temporal presentation for 
protein synthesis (Rose ~~·• 1954; Cannon~~·· 1947; 
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Grey~ al., 1968; Meister, 1965; Gitler, 1964; Hatthews & Payne, 
1975b; Silk~ al., 1975). Thus, different amino acids are absorbed 
at different rates in the intestine; Het, Leu and Ile have high 
affinities and are rapidly absorbed, whereas Gly, Lys, Asp and Glu 
are slowly absorbed. Therefore, when present in amino acid mixtures 
the former reach peak concentrations in the portal blood first, 
leading to imbalanced presentation to the liver (Meister, 1965; 
Christensen, 1968; Matthews & Payne, 1975b). Nutritional imbalances 
and antagonisms contribute to the inadequacy of many protein sources; 
e.g. corn and sorghum proteins contain excess Leu which depresses Ile 
utilisation. However, if the protein content of the diet is replaced 
by a correctly balanced mixture of pure amino acids this 1s 
satisfactory for both growth and maintenance (Ranhotra & Johnson, 
1965; Winitz ~ ~., 1970; Belikov & Bobayan, 1971; Winitz & Adams, 
1971). A detailed account of the development and uses of chemically 
defined diets is given by Greenstein & Winitz (1961). 
1-4-3 Peptides 
It has now been firmly established that intestinal peptide 
absorption not only occurs, but is probably nutritionally more 
important than amino acid absorption (Matthews.& Payne, 1975a and b, 
1980; Matthews & Adibi, 1976; Matthews, 1975, 1977; Das & Radhakrishnan, 
1976; Reviews in C.I.B.A. Symposia 1972, 1977). 
Peptides are also absorbed more rapidly and more extensively than 
free amino acids, and differences in uptake of individual amino acids 
are considerably reduced. It is logical to believe therefore, that 
synthetic diets containing peptides could be better than those 
consisting of free amino acids (Matthews & Adibi, 1976; Bassler~ al., 
1976; Clegg, 1978). 
18 
1-4-4 Amino Acid Availability 
Amino acid residues that are utilised nutritionally are termed 
1 available 1 .Cornmonly~ especially for certain amino acids (e.g.~ Lys~ 
Asn~ Gln~ Asp and Glu)~ the amino acid content determined biologically 
is less than that determined chemically in complete protein 
hydrolysates. The difference between the two often represents the 
complement of unavailable residues arising from incomplete digestion 
or absorption (Carpenter & Booth, 1973; Erbersdobler. 1973, 1976; 
Ford, 1975; Silano, 1977). 
Excessive heat or other processing methods can increase the 
proportion of unavailable residues by chemically modifying the proteins 
so that they become resistant to normal digestive enzymes (Finot et ~·· 
1978; Ford & Sharrock~ 1978). However, residues may be unavailable 
in natural protein foods, for example, proteases may be unable to 
digest proteins physically enclosed within organelles or cell walls. 
Protease inhibitors may also occur naturally in the sample. 
Untoasted soya contains a high anti-tryptic activity; soya meal may 
contain a haemagglutinin which has a negative effect on growth. High 
levels of dietary carbohydrate may influence protein evaluation. 
Finally, non-protein amino acids or modified peptide fragments may 
competitively inhibit absorption of protein amino acids or normal 
peptides~ respectively (Erbersdobler, 1973, 1976). 
1-4-5 Biological Assays 
For general information on biological assays see, for example 
(Bigwood, 1972; Bodwell, 1976; Cole et ~·~ 1976; Friedman, 1975; 
Reports of I.A.E.A.~ 1975, 1977; and P.A.G., 1975). Collaborative 
trials using a variety of methods and a variety of test proteins have 
been reported (Boyne et al., 1967, 1975; Carpenter & Woodham, 1974). 
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All workers agree that: "the need for rapid (bio) assays of protein 
quality is obvious" (Adams, 1974). There has been much discussion 
on the choice and suitability of different test animals and the present 
concensus indicates that the rat is the most useful (Dreyer, 1973; 
Eggum, 1973a; Pellett, 1973), inspite of Rose's classical work (1937) 
that established that the requirement of the weanling rat for Lys is 
extremely high. 
Bioassays for protein quality are constantly being revised and 
adapted, and data are being accumulated for various food proteins 
tested by various methods. At present, no bioassay method is 
completely satisfactory for all samples and all requirements 
(McLaughlan & Keith, 1975). Procedures to speed up the assays, 
without loss of accuracy, are constantly being investigated. 
Biological methods fall into three categories: (a) growth 
methods; (b) nitrogen balance methods; (c) indirect methods. These 
will be discussed in outline only, and some of the more commonly used 
adaptations will be referenced. 
1-4-5-1 Growth Methods 
These are usually based on weight gain and for all of these 
methods strictly standardised conditions are essential. The most 
commonly used procedure is PER (Protein Efficiency Ratio); where 
Mean weight gain of test group 
PER 
Weight of protein consumed 
Rats are generally used and they are given the protein under test as 
their sole protein source (about 10% of diet) for 10 - 30 days, 
during which time other foods are supplied ad libitum. 
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Results vary. however. with the exact proportion of dietary protein 
and with food intake (Hegsted 9 1971; Hurt~ ~·• 1975; Jacquot & 
Peret 9 1972; McLaughlan & Keith, 1975). Results are fairly 
reproducible between laboratories, especially if casein is fed as a 
standard. PER values range from 4.5 for highest quality proteins to 
zero for those that support no growth (although such proteins may 
have some nutritional value if they complement other dietary proteins). 
To eliminate variations in PER caused by food intake and to 
allow for protein required for maintenance, a modified PER. known as 
NPR (Net Protein Ratio). may also be used (McLaughlan & Keith, 1975). 
In a further modification called the slope ratio method (Report of 
P.A.G., 1975). change in body weight of rats fed various levels of 
test protein or reference protein is measured, and this is said to 
give a better estimate of the value of poor quality proteins. 
Batterham (1979) compared the results obtained with slope ratio 
methods using pigs and rats with the results of chemical assays for 
Lys. 
All growth methods assume that protein synthesis and body weight 
changes are directly related (Deltort-Laval, 1976). If this is not 
the case, direct growth methods cannot be accurate but nitrogen-
balance procedures could be more useful. 
1-4-5-2 Nitrogen~Balance Methods 
Nitrogen balance is the difference between dietary nitrogen 
intake and total nitrogen excretion. For successful application of 
the approach, it is essential that all experimental conditions are 
standardised. The procedures have the advantage that experimental 
times are less than for weight-gain methods and more detailed 
information is provided, including protein digestibility and 
utilization, but they are more laborious than growth methods. 
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(Eggum, 1973a; l1cLaughlan & Campbell, 1969). To simplify the nitrogen 
determinations that are necessary, an indigestible marker such as 
titanium oxide may be added to the diet. One useful indicator, 
apparent digestibility (AD), varies with the protein content of the 
diet but it may act as a useful index and it is claimed (Njaa, 1977) 
that reliable results can be obtained by analysing small samples of 
faeces even after one day. 
AD N2 intake Faecal N2 X 100 
N2 intake 
A further modification, true digestibility (TD), corrects for the 
excretion of metabolic (endogenous) nitrogen by using a control group 
fed a protein-free diet, and hence has the advantage of being 
independent of dietary protein content or body weight of the 
experimental animal (Eggum, 1973a; Slump & VanBeek, 1975). 
Biological value (BV) is also determined by a nitrogen-balance 
procedure; BV may be considered to be the fraction of absorbed 
nitrogen retained 1n the body for maintenance and growth. 
BV = N2 intake - (faecal N - metabolic N) - (urinary N - endogenous N) 
N2 intake (faecal N - metabolic N) 
X 100 Retained N 
Absorbed N 
% 
The numerator represents the total nitrogen used both for growth and 
maintenance, and hence BV represents the percentage of digested nitrogen 
that is actually utilised; it therefore provides a measure of 
efficiency of the absorbed protein. It is a specific term and not 
synonomous with nutritional value. A protein of high BV that is 
poorly digested would have little value. One of the best indices of 
1 uscft1lness 1 is Net Protein Utilisation (NPU) since this makes 
allowance for both amino acid composition and digestibility. 
NPU TD x BV 
100 
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Individual foods have NPU values ranging from 1.0 to zero, an 
overall NPU of 0.5 is considered to represent an exceptionally poor 
diet. Both BV and NPU are influenced by levels of dietary protein; 
BV decreases significantly with protein uptake (Deltort-Laval, 1976; 
Eggum. 1973a; Hegsted & Juliano, 1974; McLaughlan & Campbell, 1969; 
McLaughlan & Keith, 1975). This arises partly because amounts of 
protein required for maintenance and growth in the rat are quite 
different - maintenance levels for Lys and Leu are low. Two proteins 
with different Lys concentrations could give similar responses near 
maintenance levels but could show wide variation at high intake 
levels. Proteins devoid of Lys may still have high NPU values 
(Bender, 1961; McLaughlan & Campbell, 1969). The latter authors 
calculated that it would be possible for a protein having an amino 
acid composition ideal for maintenance to have a chemical score of 
only 17 for growth. 
Further discussion on these and other terms used in assessment 
of protein quality may be found in Bender (1973) and in Pellett (1978). 
1-4-5-3 Indirect Methods 
These involve measurements of such things as amino acids and 
urea in blood (Eggum, 1973b, 1976) or muscle (Pion, 1973); urinary 
creatine (Eggum, 1975); ribosome activity (Eggum~ 1978). and the 
activity of particular liver enzymes (Bergner, 1978). They are not 
generally considered reliable and none has been generally adopted 
(Njaa. 1977). 
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1-4-6 Enzymic Hethods 
These are not conventional biological methods; they involve 
digestion in vitro with proteases and assay of the resulting 
hydrolysates. See references and reviews (Bodwell, 1977; Marable & 
Sanzone, 1981; Mauron, 1970a and b, 1973; McLaughlan & Campbell, 1969; 
Morrison & HcLaughlan, 1972; Sheffner, 1967; Stahmann & Woldegiorgas, 
1975). The pepsin digest residue (PDR) compares the pattern of amlno 
acids released in vitro from a protein hydrolysate using pepsin with 
the amino acid pattern of the residual protein (Sheffner, 1967). 
It was found that PDR correlated fairly well with NPU for various 
proteins and was of value in detecting the effects of heat damage. 
Because of the limited digestion achieved by pepsin alone, a pepsln-
pancreatin digest index (PPD) was introduced (Akeson & Stahmann, 1964). 
Later modified, it was compared with results from animal assays 
(Mauron, 1970a and b, 1973). 
Individual enzymes may be useful for specific assays of free 
amino acids, e.g., lysine-decarboxylase, or arginase (Wall & Gherke, 
197 4), methionine '(-lyase (Tanaka !:!:_ ~·, 1980), lysine- a -oxidase 
(Kusakabe ~ ~·· 1979). Many of these assays involve measuring 
colour released from a colorimetric substrate. Often enzymic 
methods are complex. Bodwell (1977) stated that: "despite the 
theoretical advantages of using estimates of nutritional value 
derived from enzyme assays relative to indices calculated from amino 
acid composition data, the information available does not indicate 
that significantly more valid information regarding actual values lS 
consistently obtained through the use of more laborious enzymic 
methods"; this sunnnarlses the generally held views on these 
techniques. 
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pH-Stat Methods (Bodwell, 1977; Payne~ al., 1977), that can 
be used to monitor the rate and extent of proteolysis 1n vitro are 
described briefly elsewhere (Section 2-8). 
1-5 Microbiological Methods 
1-5-1 Introduction 
25 
The underlying concept of any biological assay is to compare 
an unknown preparation with a reference standard (Section 1-3-1). 
In many cases, for example, 1n the assay of certain vitamins and 
antibiotics, a microbiological assay is the only means to assess 
potency (Hewitt, 1977). The methods frequently provide comparable 
speed, reliability, accuracy, potential for handling multiple 
samples and for automation as do chemical methods, whilst retaining 
certain of the inherent advantages of biological methods using 
higher organisms. 
Many species, including bacteria, fungi and ciliate protozoa 
have been used in assays for specific am1no acids, the composition 
of protein hydrolysates and the RNV of proteins. Nethods normally 
rely on the principle that the test microorganism has a growth 
requirement for the substance being assayed, and a substrate-
dependent response is measured. A parallel can be drawn between the 
role of microbiological assays in protein research and the development 
of assay techniques for vitamin research in food, feed, clinical 
material and metabolic studies (Adamson & Simpson, 1959). The methods 
are varied and it 1s perhaps not suprising therefore, that whereas 
some give results 1n close agreement with those from animal assays 
(Boyne~~·· 1975; Henry & Ford, 1965) others do not (Bunyan & Price, 
1960). However, all methods were able to differentiate good, high 
quality proteins from poor, low quality ones and this distinction 
may be all that is required in an initial screening programme. 
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This approach aga1n poses the fundamental question of relevance 
of results of protein nutritional quality derived from response of a 
microorganism to those obtained with the rat, and indeed to human 
response. Other potential problems are that the response of a 
microorganism to a particular nutrient may not always be reliable 
since it may be influenced by the form of the specific nutrient (free 
amino acid or peptide bound); by the quality of the nutrient present 
and by the organism's nutritional status and growth phase. Furthermore, 
many of the nutritionally fastidious species used for microbiological 
assays have complex and often not fully defined growth requirements. 
However, using carefully chosen microbial species, those assays 
have many intrinsic advantages, although they are not always being 
fully exploited in most current procedures. Many rev1ews have been 
published concerning microbiological assays, including: (Barton-Wright, 
1952, 1963; Bolinder, 1972; Ford, 1960; Hutner ~ ~·· 1958; Kavanagh, 
1960, 1963, 1972; Shockman, 1963). 
1-5-2 Procedures For Assay 
1-5-2-1 Introduction 
The common methods are plate assays (agar diffusion) and tube 
methods. Both involve comparison of a quantitative effect of the 
test sample and a standard on the growth of a specific microorganism. 
In antibiotic assays, the measured effect is commonly inhibition; for 
amino acids it is growth promotion. The ideal requirements for 
determining growth promoting substances have been discussed elsewhere 
(Payne & Tuffnell, 1980), The choice of organism and method are 
interdependent, and by appropriate selection of microorganism and 
method, considerable specificity can be obtained. 
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1-5-2-2 Plate Assays 
Plate assays cannot be used for test samples until a standard 
has been established (Gavin, 1957a). Although there is considerable 
variation in detail, a typical procedure involves preparing sterile 
molten agar (cooled to about 42°C), adding the test organism and 
uniformly dispersing it, then pouring a suitable volume (15-20 ml) 
into a petri dish to give a uniform layer. Solutions of test and 
standard substances are applied to the solid agar either into cut 
out reservoirs, or onto small filter paper discs, or into the centre 
of porous ceramic beads; this may be automated (Sykes & Evans, 1975). 
After about one hour in the upright position, during which the 
solution diffuses into the agar, the plates are incubated overnight. 
After incubation, a turbid growth zone occurs around the test 
solution, and a quantitative measure of nutrient concentration 1s 
obtained by measurement of the diameter of the zone boundary. 
Conditions must be standardised since a variety of factors may 
influence sharpness, formation and s1ze of the zones of growth. 
However, in general, the method is perfectly acceptable and attempts 
to overcome variation in response within and between plates led to 
the development of large plate assays that also find some applications. 
Typically, these 30 cm2 glass plates, can take 64 samples which can be 
applied in a randomised or quasi randomised (8 x 8) latin square 
design. Detailed consideration of the practice and theory of plate 
assays have been published, see for example; Adamson & Simpson, 1959; 
Bolinder, 1968a, b and c, 1969, 1970a, b, c, d, e, and f; Cooper, 1963, 
1972; Gavin, 1957a; Hewitt, 1977; Lees & Toothill, 1955a, b and c. 
Bolinder (see above), has used various strains of Lactobacilli 
extensively to assay for Met, Trp, Arg~ Tyr, His, Lys and Cys. 
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Lactic acid strains have also been used by other workers including 
Kojima (1965). Auxotrophs of Escherichia coli have been used in 
plate assays for Asn (Skold & Wallenberg, 1969); Phe (Dickinson, 1959; 
Jones & Burns, 1958); Lys (Gol'dfarb !::_!_ ~·· 1968) and Trp (Konova & 
Verbina, 1966). 
Bacillus subtilis has been used in a screening test for 
detecting the incidence of phenylketonuria and for other amino acids 
(Guthrie & Susi, 1963; Guthrie, 1969a and b). Care must be taken ~n 
using this organism since its physiological state (vegetative or 
spore) profoundly influences the size and formation of growth zones. 
Clearly, plate assays are useful for screening large numbers of 
samples, especially if the quantitation of labile amino acids is of 
interest, but care must be taken in interpretation of results. It has 
been claimed (Sotelo & So~sa, 1976), that using the disc method to 
assay for Lys and Met in protein hydrolysates using Leuconostoc 
mesenteroides, a high linear correlation (r 
between the disc and acidometric methods. 
0.999) was obtained 
Diffusion assays are rapid, readily mechanised and sterile samples 
are not essential, thus preventing loss of activity caused by heat 
treatments. This makes them particularly useful to assay for labile 
amino acids such as Trp. 
1-5-2-3 Tube Assays 
Tube assays are the most common way to determine amino acids. 
Graded concentrations of test solution are added to a series of test 
tubes containing liquid growth media, after inoculation with test 
organism and incubation for the appropriate time the nutrient-
dependent growth response can be measured, usually within 16 to 48 
hours. 
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The method has greater sensitivity and is easier to carry out than 
the plate method but it is generally necessary for the sample to be 
sterile, and it tends to be more susceptible to interference by 
extraneous substances than plate assays. These various methods have 
been reviewed (Kavanagh, 1963; Hewitt, 1977). 
The most usual ways to estimate growth is by turbidity measurements 
using a suitable photometer. The cell concentration can be measured 
by nephelometry (measurement of light scattered by the cells), or by 
absorptiometry (measurement of proportion of light transmitted 
through the suspension). The latter is the more convenient method and 
is more extensively used. Wavelengths from 400 - 750 nm have been 
used; the choice being dictated by the need to minimise interference 
or to enhance sensitivity - which increases as wavelength decreases 
(Shockman. 1963). The standard response curve has been said to be 
curvilinear throughout its length (Barton~Wright. 1952), but 
turbidity measurements are generally plotted in the form that gives 
the best linear relationship (Gavin, 1957b; Hewitt, 1977). 
Statistical procedures can be used to determine precision and 
accuracy (Hewitt, 1977), and these are generally superior to those 
~ - --
obtained when titration is used as an alternative to measure growth 
response (Boyne~ al., 1967). However, where the extract is 
glutinous, turbid or coloured,growth cannot be assessed photometrically 
and titration methods may become necessary; for example Lactobacilliaceae 
produce acids during growth that can be measured by titration against 
an alkali. However, the procedure is more time consuming and less 
reliable than optical growth measurements. Unfortunately, growth and 
acid production do not parallel each other, with maximum growth being 
reached before maximum acid production, and extended incubation times 
(about 72 hours) are needed to optimise titration results. 
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Ford (1960) has suggested that to increase accuracy and reproducibility 
lactic acid, not total acidity, should be determined, although it is 
the latter that is usually found. 
The microbial assays described are generally capable of grading 
protein-rich samples in a similar order to that obtained using rat or 
chick bioassays. Exceptions to this may occur however. For example, 
when the test protein originates from certain plants tvhich could 
contain toxic constituents. Also, unless a microorganism is 
powerfully proteolytic, it may not be able to fully utilise an intact 
protein. Even with powerfully proteolytic strains, additional 
enzymic digestion of the test sample in vitro is often necessary to 
speed the assay and improve linearity and reproducibility of the 
dose-response curves (Ford, 1960, 1962, 1964). 
1-5-3 Other Methods 
1-5-3-1 Enzyme Activity 
As the extent of growth of an amino acid auxotroph of Escherichia 
coli LS directly dependent on the amount of required amino acid added 
(Payne et al., 1977), it can be speculated that the amount of synthesis 
of certain enzymes may also be related to the added amino acid. Under 
prescribed conditions, enzyme activity LS linearly related to enzyme 
concentration and in principle, therefore, it becomes possible to 
determine the amount of enzyme synthesised, and thus to assay the amino 
acid from the enzyme activity. A preliminary account on this approach 
was published (Bell ~ ~·, 1977), and this thesis deals with a 
detailed study of this method. 
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1-5-3-2 Radio-Active Incorporation 
This is similar in principle to the enzymic method described 
above. The amino acid-dependent protein synthesis is measured in 
a double (for example Pro- Lys-) or multiple auxotroph of Escherichia 
coli. After starvation for the required amino acid, the bacteria are 
added to tubes containing a large excess of one amino acid (e.g., Pro), 
which is radioactively labelled, plus test samples containing 
limiting concentrations of, say, Lys. On incubation, for about thirty 
minutes, proteins are synthesised to an extent dependent on the amount 
of added Lys. The degree of protein synthesis is measured from the 
amount of labelled Pro incorporated. If the diverse proteins 
synthesised contain an overall fixed Pro:Lys ratio, Lys can be assayed 
by measurement of the incorporated Pro (Bell~~·· 1977). 
Whereas this method and the enzyme activity method described in 
the previous section (1-5-3-1), each, offer a novel approach to 
evaluation of amino acids in protein digests, the enzyme method has 
been investigated here because we feel that it is generally more useful. 
No radioactively-labelled amino acids are needed and sophisticated 
apparatus to measure incorporation of a labelled amino acid into the 
microbial cell is not required, obviating the requirement for 
sophisticated scintillation equipment. 
1-5-4 Test Organisms 
1-5-4-1 Introduction 
In the preceding discussions on microbiological assays, emphasis 
has been placed on the comparative ease, reliability and application 
of the procedures. Because the correct choice of method and 
microbial species is essential, it is also pertinent to consider some 
of the assay organisms that are commonly used. 
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Most of the widely-used organisms are "natural" amino acid 
auxotrophs which require a variety of amino acids, and possibly other 
growth factors; Lactobacilliaceae, Streptococcaceae and Leuconostoc 
species have been widely used (Guirard & Snell, 1962). Several 
authors have discussed the nature of the organisms used for amino 
acid assays (Barton-Wright, 1952; Bolinder, 1972; Gavin, 1956; 
Shockman, 1963). 
Some of the organisms that have been used traditionally may not 
necessarily be the most ideal. It should now be possible with 
increased knowledge on microbial nutrition and of transport and 
utilisation of amino acids, peptides and proteins, to select more 
suitable strains by genetic manipulation. Amongst the most desirable 
features that such strains should have are the following: 
(a) The organism's nutritional requirements should be clearly 
understood. 
(b) The response to a given substrate should be specific and not 
influenced by other components in the sample. 
(c) Cultivation should be relatively simple and reliable. 
(d) The organism should be non~pathogenic. 
(e) The organism should have stable nutritional requirements. 
(f) The organism should be sensitive to low levels of the required 
substrate and its response should be measurable with ease, 
accuracy and reliability. 
(g) The response of an organism to a given sample should correlate 
well with results from other biological assays. 
Cultures of many useful assay organisms can be obtained from the 
National Collection of Industrial Bacteria (N.C.I.B.), Torry Research 
Station, Aberdeen, and that organisation is undertaking a programme to 
check the suitability and sensitivity for microbiological assay of 
organisms held within the collection. 
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A brief description of some of the more frequently used assay 
bacteria is given below. 
1-5-4-2 Lactic Acid Bacteria 
Various strains of Lactobacillus~ Leuconostoc~ Streptococcus 
and Pediococcus have been used in plate and tube assays for many 
different amino acids. Commercial growth media are available, being 
specially formulated for use in amino acid assays with these organisms 
(see Difco Manual 9th edition 1953)~ although many workers have 
prepared their own media. The nutritional requirements of these 
organisms are not fully understood; they are known to require between 
one and sixteen amino acids, they may need one or more vitamins, bases 
and nucleic acid precursors and they utilise only a few simple sugars 
(Barton-Wright, 1963; Bridson & Brecker, 1970; Rechcigl~ 1978). 
As a result~ suggestions are frequently made for improved media. 
Barton-Wright (1972) suggested the use of a more flexible basal medium 
modified from one of his earlier media (Barton-Wright, 1952). The 
cultivation of these organisms, therefore, needs great care and for 
most of the common assay strains these methods are well documented 
(Block & Weiss~ 1956; Bolinder, 1972; Ford, 1960, 1962, 1964, 1965, 
1977; Sharrock~ 1972). 
The intrinsic problem in using the lactic acid bacteria is that 
variations 1n a medium can change the grolvth response to a particular 
amino acid. This 1s well documented for the vitamin supplements in a 
medium and the topic is discussed in papers by Guirard & Snell (1962); 
and Matthews & Payne (1975b). A related problem, frequently not 
considered~ is that the growth response to peptides containing an 
essential amino acid residue may not be the same, (it could be more, 
or could be less), as the response to an equivalent amount of free 
amino acid. (Guirard & Snell, 1962; Kihara & Snell, 1960a and b; 
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Law, 1978; Matthews & Payne, 1975a; Payne, 1980; Prescott et al., 
1953; Rice et al., 1978. A series of papers by Bolinder describes 
the effects of various nutrients, including peptides, on amino acid 
analyses by Streptococci as measured by large plate assays (see 
Review in Bolinder (1972). 
The presence of uncharacterised nutrients 1n the test sample, 
and continuous variation in relative concentrations in the medium 
during batch culture, may explain the lack of linearity between growth 
response and amount of test sample that is frequently observed. 
Interferences caused by substances related to the amino acid being 
assayed are not uncommon, for example, the stimulatory effect of 
hydroxylysine on the growth response of Leuconostoc mesenteroides 
P60 to Lys has been well documented (Carpenter et ~·· 1964; Hartley 
et al., 1965). 
There seems to be some disagreement regarding the stability of 
the growth requirements of lactic acid bacteria, and this is not 
surprising since stability can only be established with exact 
certainty when growth requirements are known. Certainly growth 
requirements have been reported as changing on repe_ated subculture 
in the laboratory (Bolinder, 1970f, 1972; Hartley~~·· 1965; 
Sheckleton & Haynes, 1959). However, the lactic acid bacteria have 
the important advantage that they are non- ·pathogenic, and it has been 
suggested therefore, that microbiological assays for Met with 
Streptococcus zymogenes are safer than an alternative chemical test 
(Ford, 1981). 
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Collaborative trials have been conducted to assess the 
applicability of chemical, microbiological and biological assays 
for protein quality in animal feedstuffs. Useful correlations were 
found between protein values for rats and chicks and those for 
Tetrahymena, Streptococcus zymogenes and Streptococcus faecalis and 
they showed the useful potential of these organisms. Subsequently, 
emphasis was placed on the measurement of available amino acids, in 
particular the assay of available Net with Streptococcus zymogenes 
(Ford, 1962) . 
The use of lactic acid bacteria has thus become fairly widespread 
and these microorganisms have much to recommend them (Bunyan & 
Woodham, 1964; Boyne~~·· 1961, 1967, 1975; Carpenter & Woodham, 
1974; Evans ~ ~·, 1976; Ford, 1977; Haenel & Kharatyan 1973; Henry & 
Ford, 1965). Tennant (1979) described a method for determination of 
Met in serum using a chloramphenicol-resistant strain of Pediococcus 
acidilacti. 
1-5-4-3 Escherichia coli 
As stated previously, this thesis is concerned with assays using 
Escherichia coli as the test organism and consideration of reasons for 
the choice and potential usefulness of this organism are discussed 
elsewhere (Sections 1-5-2-2, 1-5-3-1, 1-5-3-2 and Chapters 2 and J). 
1-5-4-4 Other Bacteria 
Many species of bacteria have been used, but none of these has 
been widely accepted. These include Bacillus subtilis for determining 
Phe and Trp (Guthrie & Susi, 1963; Guthrie 1969a and b). 
Chromobacterium violaceum has also been used to assay for Trp by using 
a disc diffusion method (Sebek, 1965) 
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Various species of Pseudomonas have been used but they show a 
wide variation in response to peptides and their equivalent amino 
acids (Cascieri & Mallette, 1976), this makes them generally unsuitable. 
When using the latter organisms there is also the problem of 
pathogenicity. This problem also arises with the strongly proteolytic 
organism Clostridium welchii (perfringens); and its advantages are 
far outweighed by its potential danger as a pathogen frequently 
implicated in cases of food poisoning. Ford (1964) showed that 
unaccountable variation from one assay to another was common. 
Surprisingly, it has recently been used (Solberg, 1979), in a rapid 
protein quality procedure and the authors ignore possible dangers and 
state that the method warrants further development! 
1-5-4-5 Yeasts 
Although Saccharomyces fragilis was used to assay 6 -Ala by a 
large plate method (Ericson & Carlson, 1953), 1n what was the first 
report on the quantitative assay of amino acids by this method, yeasts 
have subsequently proved to be less useful for amino acid assays than 
for vitamin assays. Initial studies with yeasts are reported by 
Adamson & Simpson, 1959; Hutner et al., 1958; Shockman, 1963. 
1-5-4-6 Other Fungi 
Fungi are unlikely to be widely used in amino acid assays because 
they have the disadvantages of slow growth, unreliability arising from 
complex, poorly understood responses to nitrogen and various nutrients 
in the medium, and lack of sensitivity. However, they are relatively 
easy to cultivate and their biomass can be determined accurately. 
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Ryan (1946) suggested that measuring the rate of germination of 
conidia was preferable to biomass measurement. Regnery (1944) used 
a Leu-requiring mutant of Neurospora to assay Leu in protein 
hydrolysates. Brand et al., (1945) used a Pro-requiring mutant 1n 
the same way. It has been claimed (Hodson & Krueger, 1947), that by 
using this proteolytic mould~ direct assays can be performed on food-
stuffs. Hore recently~ Hoyhuddin ~ al., (1976, 1977) described 
assays based on biomass determination for evaluating protein quality 
of cereals and legumes using Aspergillus flavus and a Lys-requiring 
strain of Neurospora crassa. Particular emphasis on the advantages 
of fungal assays 1s presented by these authors. 
1-5-4-7 Protozoa 
There is considerable literature concerning the use of the ciliate 
protozoan Tetrahymena pyriformis in assays to measure protein 
nutritional quality based on the early findings that the organism 1s 
strongly proteolytic (Lawrie, 1937)~ readily uses intact protein as 
the sole source of amino acids (Rockland & Dunn~ 1946), and requires a 
similar pattern of amino acids as the growing rat (Kidder & Dewey,a 
1951). It is also non-:pathogenic and has the un1que advantage that 
particulate denatured proteins can be used directly (Orias & Rasmussen, 
1979); Inspite of these advantages, Tetrahymena pyriformis is not 
widely used. One problem could be the reluctance of microbiologists 
to handle what is often an unfamiliar organism which needs complex 
media (Sharrock & Ford, 1973), and the procedures are more complicated 
than those for handling bacteria. Secondly~ the incubation periods 
are often at least four days and hence, bacterial contamination and 
autodigestion can be a problem. 
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Finally, and perhaps most important of all, there is no simple 
way to assess growth of protozoan cultures especially when they 
contain particles of test foods in suspens1on. Methods that have 
been tried include the following: 
(a) Acid production over 41 days incubation (Rockland & Dunn, 1946, 
1959). 
(b) Colorimetric measurement of the enzymic reduction of added 
triphenyltetrazolium dye (Anderson & Williams, 1951) - this 
measurement has been modified and used by several workers (Ford, 
1960; Kaestner et ~·· 1976). 
(c) krunonia production (Fernell & Rosen, 1956; Rosen & Fernell, 1956). 
(d) Cell count methods; these methods are tedious and slow, and the 
problem caused by food particles has been mentioned. However, 
cell count methods are widely used (Landers, 1975; Rolle, 1976; 
Srinivas ~ al., 1975) and various photographic adaptations have 
been described (Sharrock, 1972; Sharrock & Ford, 1973). 
(e) Elutriation to separate food particles and organisms followed 
by the use of a Coulter-counter has been suggested (Teunisson, 
197la; Evancho et ~·· 1977). More recently, Satterlee~~., 
(1979) described a method wherein the cultures are counted 
electronically after 24 and 66 hours of incubation. The first 
value being the measure of interfering particulate material which 
was subtracted from the final count. However, this method would 
only be satisfactory if the number of food particles in the test 
culture remains unchanged throughout the subsequent incubation, 
and this seems unlikely. 
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(f) Gas-liquid chromatography of tetrahymanol, a terpene synthesised 
by the organism has been used as a growth index (Shepherd~~·· 
1975)~ as has production of 2-aminoethylphosphonic acid 
(Maciejewicz-Rys & Antoniewicz, 1978). 
(g) Methods based on extinction measurements using test-samples 
clarified by predigestion with proteases in vitro have also been 
proposed (Frank et ~., 1975; Sharrock, 1976; Sharrock & Ford, 
1973). Enzymic predigestion is considered necessary prior to the 
assay so this method is promising if the sample under test is 
high in protein. 
It is clear from the abundance of methods listed that there is a 
major problem in quantitating results from Tetrahymena assays, 
especially when low protein materials are tested. No method seems to 
have the ease, speed and precision necessary for a rapid throughput 
of many samples. 
Other problems encountered in assays using Tetrahymena ar~se 
from lack of understanding of its nutritional responses. Its amino 
acid requirements are fairly well understood, although the levels 
needed are often influenced by the co~positi9n gf the medium {Kidder 
& Dewey, 1951). Recent advances have been made in genetically 
characterising the organism, in particular in the selection of mutants 
(Bruns~ al., 1976; Hepfer & Kaney, 1976; Orias & Bruns, 1976). 
Competition for uptake of structurally related amino acids is known 
to occur (Rasmussen, 1976). A requirement for Tyr has recently been 
noted (Zdanowski & Rasmussen, 1979a), and shown to occur from 
imbalances in the culture medium. 
40 
Other nutrients may affect the growth response to a required amino 
acid; for example, glucose and dextrin are more stimulatory than starch 
(Stott~~·· 1963; Reynolds, 1970) and fatty acids have been reported 
to inhibit (Rosen & Fernell~ 1956) or not to inhibit (Landers, 1975) 
the growth response. 
A mutant strain of Tetrahymena thermophila that has a heat-
sensitive development of its oral apparatus, such that it forms food 
vacuoles as normal at 280C~ but none is formed at 37°C. has been used 
to study the relative capacity of free amino acids, proteins and 
peptides to satisfy requirements for essential amino acids. Using 
Phe and Leu (both essential), Orias & Rasmussen (1979) showed that 
these do not need the oral system but are absorbed via the plasma 
membrane. Egg albumen however, was only taken up by cells with a 
functional oral apparatus. Sharrock & Ford (1973) noted that during 
early growth stages, free amino acids are utilised in preference to 
protein-bound ones; this could be caused by incomplete development 
of the oral apparatus. Proteolytic enzymes, therefore appear to be 
mainly associated with the food vacuole and those in the culture 
medium are unimportant (Viswantha & Liener, 1956b). Thus, together 
with the finding that extracellular proteases are unable to hydrolyse 
egg albumin (Orias & Rasmussen, 1979), emphasise the importance of an 
enzymic predigestion step before protein foods are assayed. 
The nutritional response to peptides has been examined, 
Zdanowski & Rasmussen (1979b) reported the presence of surface-bound 
peptidases, although 85 per cent of the measured peptidase activity 
is intracellular. There is evidence that peptides are cleaved prior 
to uptake and therefore the food vacuole is not involved. Further 
studies are necessary to clarify full nutritional response to amino 
acids, peptides and proteins. 
41 
It seems unlikely, in v1ew of the practical problems encountered 
that assays with Tetrahymena will ever find extensive use, especially 
when alternate microbiological assays are available. The following 
references compare results obtained using Tetrahymena and other 
methods: Boyne~ al., 1961, 1975: Evancho~ al., 1977; Frank et al., 
1975; Haenel & Kharatyan~ 1973; Helms & Rolle, 1970; Landers, 1975; 
Rolle, 1976; Rolle & Eggum~ 1971; Sharrock, 1976; Sharrock & Ford, 
1973. 
1-5-5 Concluding Remarks 
For any microbiological assay aimed at detecting other than gross 
differences in nutritional quality, careful choice of the assay 
organism and method is necessary; no one method is ideal for every 
food and every situation. For the formulator of animal feedstuffs, 
the practical problem is to evaluate proteins as sources of individual 
amino acids quickly, and reproducibly, so that they can be used most 
economically and effectively in mixed diets. The measurement of 
available amino acids is therefore of prime importance, bearing in 
mind that the difference between an available and a non-available 
residue relates only to the particul~r set of assay conditions. 
One important area that has been largely omitted from this 
chapter is a discussion of the preparation of the sample prior to 
assay. Where an enzymic pre-digestion step is used, the choice o.f 
enzyme and digestion conditions are important. For example, some 
cereal-based products containing protein rich in glutelin is only 
soluble at high pH and therefore better digested by alkaline protease. 
However~ other considerations may be paramount, for example 0 the 
degree of grinding of the test sample needed to make it accessible 
to the digestive enzymes, may have a pr.ofound influence on the result. 
42 
However, microbiological assay methods have unique advantages 
giving them an important role in measuring the biological availability 
of individual amino acids in a variety of foods and feeds. 
The use of one particular microorganism, the gut bacterium 
Escherichia coli, to assay for three essential amino acids Lys, Met 
and Trp is the subject of the remainder of this thesis. 
CHAPTER TWO 
GENERAL METHODS 
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2-1 Introduction 
Methods which were used routinely during this work are described 
in this chapter. 
2-2 Organisms And Growth Conditions 
2-2-1 Organisms 
The main strains used originated from Escherichia coli ~ (ATCC 
9637). The lysine auxotroph M2626 and its wild type revertant M2626 
+ Lys , PAOlOl (Payne, 1968), were laboratory strains. Mutants were 
isolated from M2626 by using nitrous acid mutagenesis (Section 4-2-.2), 
auxotrophs for Lys and Met, or Lys and Trp were designated by us 
PAOlll and PAOllO~ respectively. 
A Met auxotroph of Escherichia coli~ (ATCC 10799, NCIB 813~). 
originally isolated by Davis & Mingioli (1950), was obtained from the 
National Collection of Industrial Bacteria, Aberdeen; this has been 
used extensively for Met assays. The Escherichia coli Kl2 strain, 
4258 Arg, Leu and His was also used (Low, 1972). See Table 2.1 for 
list of strains used. 
2-2-2 Growth Conditions 
The Lys auxotroph M2626 was grown routinely in a minimal salts 
A medium (Davis & Mingioli, 1950), as described by Payne (1968). 
This was made at ten times strength and diluted with distilled water 
as required. The lOX medium contained: dipotassium hydrogen 
~1 -1 phosphate (70 g 1 ), potassium dihydrogen phosphate (30 g 1 ), 
-1 -1 
magnesium sulphate- hydrated (1 g 1 ) and ammonium sulphate (10 g 1 ). 
0.5% w/v glucose and 0.1 rnM lys were added aseptically (final 
concentrations), to single strength medium. 
M2626 
M2626 Lys + 
ATCC 10799 ) * 
NCIB 8134 ~ 
ATCC 4258 
Our 
Designation 
PAOlOl 
PAOlll 
PAOllO 
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Table 2.1 
Bacterial Strains 
Auxotrophic Notes 
Req1.1irements 
Lys From Escherichia coli W 
Revertant of above strain 
Lys~ Met Isolated from M2626 after 
nitrous acid mutagenesis 
Lys~ Trp 
Davis & Mingioli (1950) * 
Arg 9 Leu 9 His From Escherichia coli Kl2 
Low (1972) 
*This strain was designated 113-3 by Davis & Mingio1i (1950). 
45 
Bacteria were routinely grown 1n 25 ml volumes contained in 
100 ml conical flasks at 37°C in ~ water bath and aerated with 
shaking at 120 strokes min-1. 
Bacterial stocks were maintained on agar slopes made from the 
minimal A medium as described above, but containing 1% w/v glucose. 
solidified with 1.5% w/v agar and containing excess (0.5mM) of the 
required amino acids. Slopes were stored at 4°C and the organisms 
subcultured every two months. 
For B -galactosidase assays, cells were grown in A medium as 
described but with 0.5% v/v glycerol as the carbon source. 
2-2-3 Measurement Of Growth 
Growth was monitored by measuring the extinction (at 660 nm) of 
a portion of the culture using Bosch & Lomb Spectronic 20 or Pye 
Unicam 1800 or Pye SP8-150 spectrophotometers, with a 1 em 
diameter tube or a 1 em path length cuvette, respectively. A linear 
relationship between cell number and extinction up to an E660 of 0.6 
(measured on the Spectronic 20) was shown. 
Measurements of dry weight and comparison of the spectrophotometers 
gave the relationship: E660 (Spectronic 20) 0.10 = E660 (SP 1800) 
0.22 = 0.0457 mg dry wt. ml-1• During final stages of the work, a 
Pye Unicam SP-150 was used. for which the relationship was E660 
(SP 1800), 0.1 = E660 (SPB-150), Ooll. 
2-2-4 Harvesting Organisms 
(a) Hembrane Filtration 
Organisms for amino acid assays. for fluorescence assays of peptide 
uptake and for preparation of cell extracts were routinely harvested 
by filtration. Cells were grown routinely as described in Section 
2=2-2. up to less than 109 cells per ml i.e. E660 = 0.5. (Spectronic 20), 
up to this density the culture was in exponential phase. 
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Typically, for harvesting, 10 ml of cells was passed through a 
membrane filter (0.4 wm pore s1ze, 25 mm diameter, Oxoid), held in 
a Swinnex (millipore) filter holder. For larger volumes (up to 50 ml). 
a 6 em diameter. 0.4 w m pore size Oxoid filter, attached to a water 
vacuum was used. The bacteria were washed on the filter with two 
volumes of KH2Po4;K2HP04 buffer (O.lM; pH 7.0) equilibrated at 37°C 
and then resuspended in the same buffer to a concentration of 0.1 to 
-1 0.2 mg ml dry weight, unless otherwise stated. Where required, 
0.5% w/v glucose or v/v glycerol, and amino acid supplements (O.lmM 
final concentration) were added. 
(b) Centrifugation 
Where volumes of cells were large (greater than 50 ntl) or where 
several different cultures needed to be harvested simultaneously, 
centrifugation was used. Cultures were transferred to sterile screw-
top tubes and collected in a MSE High Speed 21 centrifuge at 18,000 
r.p.m. ( 26,000g). The supernatant fluid was decanted, the pelleted 
organisms were resuspended, using a vortex mixer, in an equivalent 
volume of O.lM, potassium phosphate buffer pH 7.0 at 37°C and 
centrifuged a~~in to wash the cells. The ~upernatant ~olution was 
discarded and the cells were resuspended in fresh buffer also 
equilibrated to 37°C. 
Where volumes were very small ( <: 1 ml), samples were placed in 
capped microcentrifuge tubes and a high speed (12,000 r.p.m. lO,OOOg) 
Microhaematocrit centrifuge was used. 
2~2-5 Amino Acid Starvation 
To obtain amino acid starved cells, exponential-phase bacteria 
were harvested by filtration as described, washed with two volumes of 
fresh growth medium (minus the amino acid supplements), which had been 
equilibrated at 37°C; then resuspended from the filter into the same 
growth medium. 
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The volume used being at least the original volume of culture taken, 
but sometimes more medium was used to dilute the cells to the 
required density. The cells. were then incubated at 37°C with 
shaking (120 strokes min-l in a water bath) for 90 minutes to starve 
of endogenous amino acid (Section 3-3-5). 
2-3 Protein Assays 
2=3~1 Introduction 
48 
Throughout this work, it was often necessary to determine the 
protein concentration of a solution; for example, to determine the 
extent of cell disruption, to quantify the rate of a reaction (in 
terms of concentration of bacterial protein) or to determine 
accurately the concentration of a protein in a sample of, say, meal 
or rice, prior to digestion for amino acid assay. 
The method of choice should be rapid, accurate and sensitive. 
The standard Lowry procedure (Lowry~~., 1951), is subject to 
interference from, for example, K+, Mg++, EDTA, tris and thiol 
reagents and from carbohydrates; and the microbiuret reaction 
(Leggett-Bailey, 1967), is subject to interference from, for example, 
tris, ammonia and glycerol (Bradford, 1976). Modifications have 
been suggested to remove interferences from certain compounds, to 
decrease assay time, to provide more stable reagents, to increase 
sensitivity and to give a linear calibration curve. These modified 
procedures tend to increase the time required for reagent preparation 
or assay, although they were used, especially during the early stages. 
In later work, therefore, a modified dye~binding assay was used 
routinely (BioRad Laboratories, California), in which the absorbance 
maximum of an acidic solution of Coomassie Brilliant Blue G-250 shifts 
from 465 - 595 nm when binding to a protein occurs. The binding of 
the dye to protein is rapid (approximately 2 minutes) and the protein= 
dye complex remains dispersed in solution for approximately one hour. 
Comparisons between the three methods above are given in the literature 
supplied by BioRad Laboratories Ltd. (Tables 1.3, 2.2). 
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2-3-2 Materials 
BioRad protein assay solution 9 gamma globulin and bovine serum 
albumin standards were all supplied by BioRad Laboratories. California. 
2-3-3 Methods 
The procedures adopted essentially are the same as those 
described in the literature supplied by BioRad. Two different methods 
can be used: the standard method (sensitivity range 200 - 1400 w g 
protein ml-1) and a microassay method (sensitivity 1 - 20 w g protein 
ml-1). Bovine serum albumin and gamma globulin standards were supplied 
by BioRad to reconstitute at concentrations of 1.4 and 1.34 mg ml-l 
respectively. These were stored at -20°C. For routine use. these 
standards were diluted as required and aliquots were stored at 4oc 
for a maximum of 5 days. 
The dye reagent was supplied as a 5X concentrate and was used 
directly for the microassay procedure. For the standard assay. the 
concentrate was diluted with four volumes of distilled water and 
filtered through ffi1atman no.l filter paper. This diluted reagent 
was found to be unstable and did not remain active for the two week 
period claimed by the suppliers. 
For the standard procedure 9 0.1 ml of standards containing 
0.2 - 1.4 mg ml-l protein or appropriately diluted test samples 
(previously centrifuged to remove any debris that might interfere 
with the assay) 9 were added to clean detergent free test tubes (these 
had previously been acid washed. rinsed with tap water three times 9 
and distilled water twice). 5.0 ml of diluted reagent was added. the 
tubes were mixed gently and E5g5 was measured versus a reagent blank. 
after 5 - 30 minutes. 
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For the micro-assay procedure~ 0.8 ml of standards or test 
samples, appropriately diluted to contain 1 = 20 ~ g protein ml-1 
and centrifuged if necessary were added to clean test tubes. 0.2 
ml of neat reagent was added and the assay completed as above. This 
procedure was found to be more satisfactory, since the undiluted 
reagent was more stable; therefore 9 this was adopted routinely, the 
assay samples being diluted as necessary for the micro-assay. 
2-3-4 Results 
Fig. 2.1 shows a typical calibration curve for the gamma-
globulin standard. Control tubes containing varying amounts of 
standard and sample together gave results in agreement with the 
values predicted from the sum of the two separately. Therefore, the 
results were taken to provide an accurate measure of protein 
concentration in the various samples. A comparison of protein 
concentrations obtained using the BioRad and the microbiuret (Leggett-
Bailey~ 1967), methods is given in Table 2.2. 
2-3-5 Discussion 
Two conditions are known particularly to interfere with the 
BioRad assays; these are the presence of anionic detergents in 
concentrations greater than 0.1% v/v and the presence of strong 
alkalis. Chromogenic substrates could also interfere with the assays 
if their colour contributed to absorption at 595 nm, However, usually 
these problems did not occur and the BioRad micro~assay proved to be 
a quick, reliable method for protein evaluation except in one 
situation! 
In permeabilised cell preparations (prepared by the addition of 
0.05% v/v Triton X-100, Section 2-5=4), interference with the assay 
was noted although the detergent concentration was less than ·the 0.1% 
v/v claimed by the BioRad manufacturers, to be tolerated. 
0·8 
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Protein jJQ ml~1 (final cone) 
FIGURE 2.1 
Protein calibration curve using standard bovine gamma globulin. 
BioRad micro-assay procedure as described in text. 
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Table 2.2 
Comparison of BioRad (Micro-assay) and Modified Microbiuret 
Protein Assay on Sonicated Cell Extracts (Exponential Cells M2626) 
Sonication Time BioRad Microbiuret 
(1 minute bursts) 11 g ml-l 11 g ml-1 
2 41.3 (26.8) 44.3 (28.78) 
3 91.2 (59.2) 96.3 (62.5) 
4 104 (68) 117 0 6 (76.4) 
Figures in parentheses represent percentage of soluble protein 
released, assuming 60% of total cellular protein is soluble. 
Sample was taken and after stated sonication times 2 aliquots 
were removed for protein assays. 
For Escherichia coli E660 2.19 = 1 mg protein ml-1 
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To assay protein in these samples, the modified Biuret method was 
used. 
Recent reports indicate that the dye-binding method can be 
automated for the processing of large numbers of samples (Sana~ al., 
1981; Simpson & Sonne, 1982), and the sensitivity can be further 
increased (Almog & Berns, 1981). 
2-4 Dansyl-Chloride Procedure 
2-4-1 Introduction 
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Dansyl-chloride (1-dimethylamino-naphthalene-5-sulphonyl chloride) 
reacts with primary and secondary amines to form fluorescent 
sulphonamide derivatives; nanomole quantities of amines can be detected. 
The reagent is routinely used in protein sequencing studies and 
several chromatographic techniques have been developed for the 
separation of dansyl-amino acids (see Seiler~ 1970 for review). The 
reagent also reacts with the a-amino groups of small peptides. The 
derivatives can be separated by thin-layer chromatography and 
quantified by the intensity of the fluorescence compared to standards. 
Dansyl-chloride can therefore be used to monitor the disappearance of 
amino acids and small peptides from an incubation broth, or to monitor 
the simultaneous uptake of several amino acids or peptides and detect 
accumulation of peptides and changes in concentration in cells by 
examination of cell extracts (Payne & Bell, 1979; Nisbet, 1980) 
2=4-2 Materials 
Dansyl-chloride and dansyl=amino acid standards were from B.D.H. 
L~d. ~ Polyamide Sheets (15 x 15 em) f-1"om B.D. H. or Pierce-Warriner. 
All solvents and reagents were of analytical grade. 
2-4-3 Dansylation Procedure 
Samples of standard, media or cell extract containing up to 10 
nmol peptide or amino acid (usually 100 ~ L) were placed in Durham 
tubes (6 x 30 mm) together with an ornithine~ diaminopimelic acid 
(DAP) or other suitable standard (10 ~ ~ 0.5 mM). The tube contents 
were evaporated down in vacuo. Sodium bicarbonate (200 mM in 
deiohised water, 20 ~ L)~ was added to bring the pH to about 9.0. 
followed by 20 JlL of dansyl~chloride (2.5 mg ml-l in acetone). 
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The dansyl-chloride solution was kept for up to four weeks at 4°C -
stored in the dark. Tubes were sealed with silicone rubber stoppers 
and incubated at 40°C for 90 minutes~ to allow the dansylation 
reaction to proceed to completion. The mixture was then evaporated 
to dryness and the residue redissolved in aqueous pyridine (1 : 1 v/v, 
10 J.1 L). 
In some cases~ especially with extracts, an insoluble precipitate 
remained in the tube and this interfered with the subsequent thin-
layer chromatography, therefore, this was removed by centrifugation 
(Haematocrit microcentrifuge, 12,000 r.p.m., 10,000 g), for 2 minutes 
and the supernatant solutions were transferred to clean tubes. 
Samples (5 ]JL) were spotted onto polyamide sheets and chromatographed 
in three solvent systems for approximately 50 - 60 minutes in each 
(until solvent front was about 3 em from top of sheet). The solvents 
used were as in Payne & Bell~ 1979. 
(a) First dimension: HzO : formic acid (98.5 : 1.5 v/v). 
(b) Second dimension: acetic acid : toluene (10 : 90 v/v). 
(c) Re-run in second dimension: methanol : butyl acetate : acetic 
acid (38 ; _6.0 __ : 2 v_/v) o 
Care was taken to dry the plates thoroughly between solvent runs. 
A final re-run in the first solvent sometimes helped to 'round-up 9 
fluorescent spotso Chromatograms were viewed under long=wave U-V light~ 
derivatives identified and where necessary, quantified by reference 
to standards which were either run on the back of the plates or on 
separate oneso Chromatograms were inspected soon after drying off the 
final solvent, although fluorescence does not fade over several hours 
in the light, or up to two weeks in the dark (T.Mo Nisbet - personal 
communication)o 
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A permanent record of some plates was made by photographing under 
U-V light using Ilfodata H.S. 23 film (Ilford), and a Wratten No.3 
filter (Kodak). Plates could be reused after washing overnight in 
acetone : water : ammonia (50 : 60 : 4 v/v) and drying. 
2-4=4 Results 
Chromatography 1n the first dimension frequently gave poor 
resolution because of interferences at the origin (phosphate and 
glucose). The problem was minimised by using low buffer concentrations 
or cell extracts prepared in distilled water. However, interferences 
from a variety of non=protein cellular components in cell extracts 
persisted, especially in those samples of extracts prepared from 
starved cells. Some amino acids e.g. Pro/Val, Ile/Leu ran very close 
to each other after three solvents, but were readily distinguished by 
examining the plates after running in two solvents only. After three 
solvents, dansyl derivatives were identified from their positions on 
a chromatogram relative to the internal standard, to standards on the 
reverse of the chromatogram and to the various by-products of the 
reaction (dansyl=hydroxide and dansyl-ammonia), See Fig. 2.2. 
Most of the derivatives flouresced green with the exeption of 
His (orange) and Tyr (yellow). 
2-4-5 Concluding Remarks 
To obtain satisfactory results, a large excess of dansyl-chloride 
(approximately 20 fold), was used. The pH of the reaction is important 
and this was checked when the bicarbonate was added, and if necessary, 
adjusted to pH 9.0 by further addition. The dansyl procedure allowed 
the assay of peptide uptake by Escherichia coli and the fate of the 
absorbed peptide could be followed, as could the exodus of its 
constituent amino acids. 
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FIGURE 2.2 
Positions of dansyl-amino acids after chromatography in 
three solvent systems. 
a dansyl hydroxide 1 Pro 
b dansyl ammonia m Val 
c diaminopimelic acid n Ile 
d Arg p Leu 
e Asn q Met 
f Thr r Om 
g Ser s His 
h Ala t Lys 
i Gly u Tyr j Glu v Phe 
k Asp 
58 
However, quantitation of low uptake rates was difficult as was the 
identification of peptides present in cell extracts prepared from 
starved cells. 
2-5 Treatments To Cells 
2-5-1 Introduction 
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Since the chromatographic separation of dansyl derivatives of 
amino acids and peptides (Section 2-4)~ is clear and reproducible~ it 
allows cell extracts to be monitored for the accumulation of amino 
acids and peptides and for changes in amino acid levels. 
2-5-2 Preparation Of Cell Extracts By Boiling 
For preparation of extracts, incubations of cells were usually 
performed in a volume of 1 ml containing approximately 109 cells. 
The cell suspension was harvested on a membrane filter (Section 2-2-41 
under a water vacuum~ immediately washed with 20 ml distilled water 
and straightaway extracted by adding the filter to a stoppered tube 
containing 1 ml water, 50 W L of toluene was added to each tube, which 
was boiled for 15 minutes. The resulting suspension was cooled, 
centrifuged (MSE Bench Centrifuge, 3,100 r.p.m., 20 minutes), to 
deposit insoluble debris, 100 W L portions of the supernatant extracts 
were evaporated down after addition of appropriate internal standard 
(Section 2-4-3), and the samples were then dansylated. 
2-5-3 Preparation Of Sonicated Cell Extracts 
Cells for sonication were grown, collected on a filter, washed 
and resuspended initially in O.lM potassium phosphate pH7.0, buffer 
as already described, to give an approximate concentration of 109 
cells ml-1 . 5 ml volumes of such cells were placed in a McCartney 
bottle and subjected to 5 x 1 minute bursts of ultra-sound from a 
Soniprobe sonicator type 1130A tuned to optimum amplitude and power. 
Between each burst of ultra-sound, the samples were cooled on 1ce 
for two minutes. 
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The disrupted cell suspensions were centrifuged as in Section 2~5~2. 
To check on the efficiency of sonication, a portion of the supernatant 
solution from each sonicated batch of cells was subjected to a protein 
assay using the BioRad dye=binding method described in Section 2=3-3 
and see Table 2.2. 
2-5-4 Preparation Of Permeabilised Cells 
In some cases it was necessary to destroy the integrity of the 
permeability barrier of cells, for example, to determine enzyme 
activities in situ. This was achieved by alternate freeze/thawing 
in the presence of the anionic detergent Triton x-100 (Mozzari et al., 
1978). Approximately 109 cells were harvested and washed on a filter 
as described previously (Section 2-2-4)p and then resuspended in 1 ml 
O.lM potassium phosphate pH 7.0 buffer in polypropylene test tubes. 
2.0 ~ l of 2.5% v/v Triton X-100 was added to give a final concentration 
of 0.05% v/v detergent, and the tube contents mixed. This was reacted 
at room temperature for 5 minutes and the tubes were then frozen in 
liquid air f160°C)p for 30 minutes. The frozen cell suspensions were 
then thawed rapidly in a water-bath at 25°Cp mixed thoroughly 
(Whirlimix for 10 seconds), and t~~ freeze/thaw cycle repeated. The 
cell suspensions were then centrifuged for thirty minutes (3,100 r.p.m.), 
the supernatant solution was discarded and the cell pellet was 
resuspended in 1 ml of O.lM potassium phosphate pH 7.0 buffer. For 
correct interpretation of experimental results, it was important that 
the treatment described above actually caused disruption of the cells 
permeability barrier. To assess the efficiency of permeabilisation 
with Triton X=lOOp a s-galactosidase assay was carried out using 
M2626 (See Chapter 3 for method). 
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For comparison, untreated cells., cells permeabilised as above and 
cells perrneabilised using the procedure of Putnam & Koch (1975), see 
Section (3-3-5-3), were all assayed. 
The results of this study (Fig. 2.3), showed that B -galactosidase 
activity was readily detectable in the freeze/thaw treated cells. 
However, the activities of S-galactosidase were lower than found 
after the normal disruption procedure of Putnam & Koch in which the 
disruption medium had been optimised for stabilising the liberated 
B -galactosidase. 
2-5-5 Concluding Remarks 
When intracellular amino acids and peptides were examined by 
dansylation, they were extracted from the cells by boiling. When 
cell extracts were required with enzymic activity they were prepared 
by sonication. In the latter case, it was found that salts from the 
O.lM potassium phosphate buffer interfered with subsequent processing 
and assay steps, therefore the molarity of the buffer used in the 
extraction was reduced to 0.05M; having first demonstrated that under 
the conditions in which it was used, it still had adequate buffering 
capacity. 
Before cell extracts were dansylated and examined, a portion was 
examined for protein content either by the BioRad dye-binding assay; 
or, when Triton X=lOO was used in the extraction, by the modified 
Biuret assay. These protein assays were essential to check the 
efficiency of cell disruption and to calculate comparative protein 
concentrations used in subsequent treatments. 
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FIGURE 2.3 
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6 10 
mt=1 
S ~galactosidase activity in various cell preparations 
no treatment 
freeze~thaw 
freeze-thaw in the presence of 0.5% v/v Triton X~lOO 
normal disruption (Putnam and Koch method) 
E420 = 1 corresponds to o-nitrophenol (0.23~ mol/ml) 
See section 2-5-4 for details of freeze-thaw treatment and 
section 3 ·3-5·~3 for dPtails of disruption by Putnam and Koch 
method 
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2-6 Fluorescamine Chromatography 
2~6-1 Introduction 
Fluorescamine (Fluora~ ), Roche, is a non-fluorescent compound 
which at room temperature and alkaline pH reacts extremely rapidly 
(200- 500 msec at pH 9.0; Stein et ~., 1973), with amino group 
containing compounds, e.g., amino acids and peptides to give intensely 
fluorescent products; excess reagent being hydrolysed to give non-
fluorescent water soluble products. The procedure has many 
advantages over the use of dansyl·-chloride (see Section 2-6-5 for 
discussion); in this instance it was used with Met and its oxidised 
forms which were not easily identified by dansylation. 
2-6~2 Materials 
Fluorescamine (Fluoram~), 4-phenylspiro (furan-2(3H), l'phthalan-
3,3 dione), a gift from Roche, or purchased from Sigma (London) Ltd., 
was used as a freshly prepared solution (4 mg in 10 ml anhydrous 
acetone). Precoated silica gel 60 F254 thin-layer plates were 
purchased from Merck. Glass plates were prepared with a silica gel 
coating and used in initial studies, but were generally less sensitive 
than the commercial ones. Solvents were of ~he_pu~est grade generally 
available. 
2-6=3 Method 
Alth~ugh it is possible to derivatise compounds with fluorescamine 
at the origin of thin=layer plates (Nakamura & Pisano, 1976a), it was 
found here to be preferable to derivatise the amino acids and peptides 
first in solution and then apply them to the plates since this increased 
sensitivity. 
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(a) Preparation of sample 
Samples to be derivatised~ 0.1 ml of lOmM amino acid or peptide 
or 0.05 ml of cell extract (prepared as for dansylation - Section 
2-4-3)~ were added to 0.5 ml~ O.lM disodium tetraborate buffer (pH 9.3). 
-1 0.2 ml fluorescamine in acetone (0.4 mg ml ) was gradually added to 
the reaction mixture whilst it was rapidly mixed on a whirlimix (Chen 
et al., 1978). 0.01 ml of the derivatised product was added to the 
origin of the silica gel plates in 0.001 ml aliquots. (The remainder 
of the solution was stored up to one week, in the dark at 4°C). 
When dry~ the plates were run in covered tanks, kept away from 
light. 
(b) Running Plates 
For a complete chromatographic separation of fluorescamine 
derivatives there is no simple~ universal solvent. Since the amino 
acids of interest for this work were Met and its various oxidised 
forms these were used to test the efficiency of 12 different solvent 
systems~ each run in a single dimension. The three solvents that gave 
the most promising results were selected to be tested in combination 
in two dimensions: 
(A) Acetone Ethyl acetate Methanol Water 
60 : 20 25 : 10 (v/v) 
(B) Ethanol Hexane : Methanol Water 
60 : 20 25 : 10 (v/v) 
(C) Isopropanol : Chloroform Ammonia 28% Water 
70 g 30 : 18 g 7 (v/v) 
When the solvent front had reached 5 em from the top of the plate 
they were removed~ dried and observed under long wave (366 nm) ultra-
violet light. 
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Solvents A and C were shown to separate Met and its derivatives, 
solvent B gave good separation of Met-containing peptides. The 
application of this method would be greatly extended by development 
of two-dimensional solvent-systems. However, combinations of the 
above solvents in two dimensions were unsatisfactory and since 
development of new solvent-systems was outside the scope of this 
thesis, examination of cell-extracts was carried out in one dimension 
using control marker spots. 
2-6-4 Results 
Rf values for Met and its oxidised forms are given in Table 2.3; 
which shows that they can be separated by this method. However, when 
present in the cell extracts, components did not separate as well 
and a range of standards needed to be added to extracts in order to 
identify components therein. This was especially true for starved 
cell extracts. Applications of the method are discussed in Chapter 5. 
2-6-5 Concluding Remarks 
Detection of compounds with fluorescamine is a rapid and very 
sensitive procedure. As little as lOpmol of fluorescamine-derivatised 
compound can be detected (Nakamura & Pisano_, 1976a). Fluor_escamine 
has been used with ion=exchange columns as a detection reagent in 
place of ninhydrin in auto amino acid analysers (Stein et ~., 1973). 
A solution of fluorescamine in acetone has been used as a spray for 
amino acids on thin-layer- chromatograms (in a similar manner to 
ninhydrin) (Nakamura & Pisano, 1976b). A particular advantage 1s 
that the procedure can be carried out in solution without the 
problems that arise with fluorescent byproducts in the dansylation 
reaction (dansyl-amide and hydroxide). The use of fluorescent 
methods for isolation, characterisation and assay of peptides has 
been reviewed by Udenfriend (1978). 
Met 
Met(O) 
Met(02) 
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Table 2.3 
Rf Values For Fluorescamine Derivatives 
Of Methionine And Its Oxidised Forms 
Solvent A 
0.86 
0.82 
0.68 
Solvent B 
0.4 
0.31 
0.33 
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2-7 Automated Fluorescamine Procedure 
2-7-1 Introduction 
A direct method to monitor peptide uptake by microorganisms 
which involves the preparation of dansyl derivatives of substrates 
remaining in the medium after incubation with cells, separating them 
by thin~layer chromatography and quantitating them from their 
fluorescence, has been widely used (Payne & Bell, 1979). Later, 
fluorescamine was used in place of dansyl-chloride to prepare 
fluorescent derivatives with the peptides present in the medium after 
incubation, these derivatives being quantified directly in solution 
(Nisbet & Payne, 1979)o This fluorescamine assay was subsequently 
automated and now allows continuous monitoring of peptide or amino 
acid transport (Nisbet, 1980; Payne & Nisbet, 1981). 
2-7=2 Materials 
Fluorescamine was a gift from Roche Products Ltdo, or was 
purchased from Sigma (London) Ltd., and was used as described (Payne 
& Nisbet, 1981). In later stages of the work, glass fibre filters, 
GF/C 25 mm diameter, Whatman Ltdo, were used in place of Millipore 
filters. These had a greater capacity and were less prone to blocking. 
allowing transport to be monitored for a longer period (Section 2=7~3). 
2-7-3 Method 
The assay uses a system based on a 3=channel pump (Pharmacia P=3). 
and a fluorescence spectrophotometer (Perkin Elmer model 1100), 
incorporating a flow cell. A suspension buffer, O.OSM potassium 
phosphate pH 7o2, containing Oo2mM ammonium chloride and Ool% w/v 
glucose, was used to wash and to suspend the bacteria, and act as a 
blank for determination of peptide yields. Amino acids were added to 
the suspension buffer to prevent the onset of starvation in particular 
strains (See Table 2.l)o 
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Thus~ if strain PAOlll (Met- Lys-) were used to monitor the cleavage 
of a peptide containing an oxidised Met residue then Lys (5 W L of 
lOmM), was added; but this was unnecessary if strain 8134 (Met~), was 
used. For assay of peptide cleavage, a suspension of 10 ml whole or 
8 -1 permeabilised bacteria (approximately 10 cells ml ), was placed 1n 
the thermostated incubation vessel and equilibrated. During this 
time a stable baseline level of fluorescamine was obtained by pumping 
the suspension buffer through the system. This buffer from Channel A 
was mixed in special mixing chambers, firstly with a second buffer 
solution (0.2M citrate-phosphate pH 5.8), and then with fluorescamine 
at 0.1 or 0.5 mg ml-l (depending on peptide concentration and/or 
reactivity), in Analar Isopropanol, which was introduced through 
Channel C. The final reaction pH was 6.2 (pH 6.6 at flow-cell 
effluent which contains Isopropanol); at this value there was 
negligible reaction from amino acids which react optimally at about 
pH 8.5~ hence efflux of amino acids from cleaved peptides does not 
contribute significantly to the fluorescence. All solutions were 
=1 pumped at 0.9 ml min . • The resulting mixture was passed through a 
delay coil and into a flow cell allowing the fluorescence to be 
measured continuously. To start the assay, the pump was stopped 
momentarily, the filter assembly dipped into the microbial suspension, 
peptide \typically 10 w L, lOmM) was added 9 and the pump restarted. 
With a suspension containing approximately 108 cells ml-l the uptake 
rate could be monitored for about 7 minutes before the Millipore 
filter (0.4 w pore size), started to block, or about 20 minutes 
with a Whatman GF filter. 
69 
In some cases~ in order to monitor uptake or cleavage over a longer 
time~ substrate was added to the incubation vessel containing cells, 
as usual; an initial sample was pumped through the system for 
approximately 2 minutes and then the filter was switched into buffer 
alone whilst the cells continued to take up peptide; after about 
20 - 30 minutes, the incubation mixture was again monitored, allowing 
cleavage to be assessed over the longer time. 
2-7-4 Discussion 
Because of the internal volume of the system~ samples took 2.8 
minutes to pass from the incubation vessel to the flow cell 9 under 
standard conditions; thus, events portrayed on the chart recorder or 
V.D.U. actually represent the situation 2.8 minutes earlier in the 
incubation vessel. The rates of uptake in the first two minutes 
cannot readily be found directly from the output (fluorescence versus 
time) (Fig. 2.4). However, the subsequent linear part of the trace 
allows ready measurement of the steady state rate of disappearance 
of peptide from the solution. Uptake occuring at a steady state 
over a period of time indicates that the peptide ~s being cleaved~ 
therefore measurement of the uptake rate for the peptide indicates 
the minimal rate of concurrent intracellular cleavage. Cleavage 
d . 1 'd . ~1 . -1 rates were expresse ~n nmo pept1 e m~n mg prote~n 
Typicallyp with the peptides studied here 9 if the rate after 
2 = 3 minutes was extrapolated back to zero time, the calculated 
initial peptide concentration corresponded to that actually added, 
indicating that the average rate is constant over the first few 
minutee. 
Work is now in progress (J.T. Gleaves & J.W. Payne) to interface a 
programmed micro-computer for direct determination of rates. 
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FIGURE 2.4 
Uptake of Met(02 )-Leu-Gly by cells of E.coli M2626 starved of Lys 
£660 of starved cells = O.lBp scale expansion on fluorimeter ~ s~ 
fluorescamine cone= 0,5 mg/mlp substrate cone= 0.1 mM (O.lml 
lOmM peptide in 9.9 ml reaction buffer). 
Time period between arrows .~ 4min 
Rate of uptake during thfs time period = 28nmol/min/mg protein 
Trace taken from printer output interfaced to VDU (earlier work used 
a chart recorder to record output from fluorimeter) 
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The application of this technique for monitoring cleavage of 
peptides containing partially or completely S-oxidised Met residues 
and the results obtained are discussed in Chapter 5. 
2-8 Protein Digestion (Enzymic) 
2-8-1 Introduction 
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Escherichia coli does not secrete proteases or peptidases 
(Section 3-1-1), therefore, an initial enzymic digestion step in vitro 
must be included when assaying large peptide-bound substrates. 
Many methods of enzymic hydrolysis have been employed in related 
assays. Hill & Schmidt (1962), used papain digestion followed by 
treatment with purified kidney peptidases, leucine amino peptidase 
and prolidase. Bodwell (1977), discusses the importance of digestibility 
in the nutritional evaluation of grains and describes several rapid 
multienzyme methods for its estimation. 
However, for the Escherichia coli assay described herein, 
digestion to free amino acids is not essential, proteolysis need only 
produce fragments which are sufficiently small to pass through the 
outer membrane of the cell envelope and reach the cytoplasmic 
permeases (Nikaido et al., 1977; Payne & Gilvarg, 1968). The cut-off 
size for peptide uptake is at a molecular weight of about 650 (i.e. 
approximately penta-hexapeptide size) (Payne, 1977; Payne & Gilvarg, 
1968). Successful digestion procedures therefore, must be capable 
of cleaving to this level (i.e. on average a 20% cleavage). 
2-8-2 Materials 
A pH stat automatic titrator Model TTT60~ was supplied by 
Radiometer, Copenhagen. Protease P~ Protease type 14 (pronase), and 
Peptidase (porcine intestine), were supplied by Sigma (London) Ltd., 
as were the purified protein samplesg a -chymotrypsinogen A, type 
II from bovine pancreas; whale myoglobin type II - skeletal muscle, 
and lyzozyme, grade I from chicken egg white. Various food protein 
samples were kindly supplied by Dr. A. Williams (N.I.R.D.) and 
Dr. B. Juliano (I.R.R.I.). 
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2~8-3 Methods 
0 Enzymes were stored at -20 C. For use in digests, enzyme 
-1 
solutions (0.5 mg ml ), were freshly made in sterile 0.2M potassium 
phosphate, pH 7.0 buffer to minimise possible bacterial interference 
during digestion. 
Initially, an automatic titrator was used to monitor the rate 
and extent of proteolysis (Fig. 2.5). A mixture of pronase and 
peptidase gave about 44% hydrolysis (calculated from the equivalents 
of base added after allowance for titres of codfol samples containing 
substrate or enzyme alone), after four hours. This is sufficient to 
give mostly dipeptides as cleavage products. However, pH-stat 
titration was not used routinely to monitor the digestion of samples 
but was used to establish the activity of each fresh batch of enzyme 
on a standard substrate prior to its use with test samples. 
To determine moisture contents, protein samples were weighed and 
placed in an evacuated desiccator over calcium chloride in vacuo 
Overnl.'ght at 80°C. Th f 11 · · th 1 · h d e o ow1.ng morn1.ng, e samp es were re-we1.g e , 
0 
returned to the 80 C oven, and after one hour they were again 
re-weighed to show that they had reached constant weight. The percent 
moisture in each sample was calculated. Samples were kept 1.n an 
evacuated desiccator at room temperature until required. 
Samples of pure proteins were subjected to various enzymic 
combinations and digestion times, and from the data obtained (See 
Results, Section &=5=4 ), a standard method of digestion was developed. 
Since initial experiments were aimed at establishing optimum digestion 
conditions, some test procedures did not give complete digestion. 
This proved to be a problem with lysozyme which can lyse Escherichia 
coli and hence such studies were confined to myoglobin and 
chymotrypsinogen. 
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FIGURE 2a5 
Proteolytic digestion of Chymotrypsinogen A by pH-stat method 
Proteolytic digestion of Chymotrypsinogen A9 5mg/ml 9 Sml 9 
Gontrol ~9 pronase and peptidase ~ no substrate 
0 Temperature 37 Cp end-point pH 8 aOo 
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The digestion procedure finally adopted for the pure proteins 
was as follows: 
10 ml samples were prepared in boiling tubes, these contained 6 ml 
sterile 0.2M potassium phosphate buffer, pH 7.0. 2 ml protein 
-1 
solution (5 mg dry wt. ml )~ and 1 ml of each enzyme solution (freshly 
~1 prepared solutions of pronase and peptidase containing 0.5 mg ml 
of each enzyme in sterile buffer- as above), giving final concentrations 
of 1 mg ml-l protein and 0.05 mg ml-l of each enzyme. 
Samples were covered with Parafilm to prevent evaporation and 
-1 0 incubated, with gentle shaking (60 strqkes min ), at 37 C for 16 
hours. -1 Autolysis controls, containing only 0.05 mg ml of each 
enzyme were treated in the same way. After digestion, samples were 
diluted with 0.05M buffer, pH 7.0 prior to assay for Lys, Met or Trp 
by s-galactosidase assay. In each case, controls containing samples 
of the digested proteins plus graded amounts of the particular amino 
acid under test were included to check for the possible presence of 
inhibitors in the test sample. 
!he digestion of the meals, rice etc., was carried out in a 
similar manner to that of the pure proteins. Substrates were used 
directly without defatting, after first being ground finely and 
sieved (Baird & Tatlock test sieve M69, 355 micron). Sieved samples 
were added to 0.2M potassium phosphate buffer, pH 7.0 (sterile), to 
=1 give about 10 mg meal ml (subsequently corrected for percent protein 
and moisture in sample). The suspensions were dispersed by 30 sec. 
treatment with a polytron mascerator and if necessary, any residue 
was washed from the blades with more buffer solution, (measured 
volume). The suspensions were covered with Parafilm and incubated at 
0 45 C for 30 minutes with gentle shaking (60 strokes per minute). 
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A dye-binding protein assay (Section 2-3~3)~ was carried out on 
aliquots of the suspension as an independent check of concentration 
in some cases. 
Pronase and peptidase were added and the digestion carried out 
as described above for the pure proteins. After digestion for 15 -
18 hours~ samples were centrifuged (10 min, 3100 r.p.m., bench 
centrifuge), and the supernatant extracts were diluted as necessary 
with 0.05M pH 7.0 buffer, prior to assay for Lys, Met and Trp. 
Controls, as described for the pure proteins were included in all 
assays. 
2-8-4 Concluding Remarks 
In a time course for digestion, the amino acids in the proteins 
were made completely available after fifteen hours, using the 
digestion procedure described above. However, prolonging the time 
(up to 22 hours), had no adverse effect, therefore, routinely 
digestion was allowed to proceed overnight (16- 18 hours). The 
results obtained from analyses on pure protein and food protein 
digests are described in Sections 6-5-4 and 6-6-3, respectively. 
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2-9 Automatic Amino Acid Analyses 
2-9-1 Introduction 
It was often necessary to analyse the amino acid constituent 
of samples, for example, to check the purity of peptides, to 
corroborate results from dansyl or fluorescamine chromatography or 
to separate and identify Met and its oxidation products (Chapter 5). 
For this work, a Locarte am~no acid analyser equipped with an 
automatic peak area integrator was used. 
2-9-2 Method 
(a) Hydrolysis Procedure. 
Samples containing approximately 0.5 ~mol of any amino acid 
residue were added to Durham tubes, together with 10 ~ 1 of 2.5mM 
norleucine internal standard and evaporated to dryness. 50 ~ Lof 
constant boiling (5.7M) hydrochloric acid was added, the tubes were 
evacuated, sealed and hydrolysis was performed for 18 hours at 105°C. 
The tubes were opened, the contents evaporated to dryness over sodi~m 
hydroxide, and the samples were redissolved in 500 ~ L citrate buffer 
pH 2.2, for loading onto the analyser. 
(b) Calculation of Results. 
The concentration of each amino acid in the hydrolysate was 
calculated from the following formula: 
Concentration (mM) = X X 0.025 
CF X y 
where X = peak area of amino acid 
y = 
0.025 = 
CF = 
peak area Norleucine (Nle=internal standard) 
concentration of Nle (mM) 
colour factor (determined for each batch of ninhydrin) 
CF Peak area of amino acid (std) 
Peak area of Nle (std) 
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2-9-3 Concluding Remarks 
Using the acid hydrolysis described, Trp is destroyed and 
cannot be estimated. One advantage of the bacterial assay described 
in this thesis is that it permits determination of Trp in biological 
materials. 
Methionine sulphoxide is a product of mild oxidation of Met, 
whereas strong oxidising agents e.g. performic acid, ate needed to 
produce methionine sulphone. It was found that, providing care was 
taken to exclude oxygen from the tubes during hydrolysis, i.e. 
hydrolysis under N2, Met could be recovered from acid hydrolysates 
of methionine-containing peptides with a yield of at least 97%. 
Commercial samples of methionine sulphoxide Met(O) and 
methionine sulphone Met(02), or samples derived from the hydrolysis 
of peptides containing either of these compounds could be separated 
using the analyser. Met, Met(02) and Met(O) elute at 80, 36 and 32 
minutes, respectively. Threonine elutes at 37 minutes and aspartic 
acid at 33 minutes; therefore, if there were any possibility that 
these amino acids could be present in hydrolysates containing Met(02) 
or Met(O), samples were also examined using dansyl (Section 2-4), or 
fluorescamine (Section 2-6) chromatography, which allow these various 
amino acids to be distinguished. 
The colour-yield of methionine sulphoxide was found to be 99% 
that of aspartic acid, in agreement with that quoted by Spackman~~·· 
(1958). The sulphone gave a consistently high colour-yield, 15% 
higher than that of Met. 
CHAPTER THREE 
BETA-GALACTOSIDASE ASSAY FOR 
AVAILABLE LYSINE 
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3-1 Introduction 
Microbiological assays for amino acid availability offer many 
advantages over conventional chemical or biological methods. However. 
most commonly they use fastidious microorganisms and are, therefore, 
inherently susceptible to "often unrecognised and essentially 
unquantifiable errors" (Bell~ al., 1977); some aspects of these 
errors were discussed earlier (Section 1-5-1). 
3-1-1 Advantages of Escherichia coli for Microbiological Assays 
Many of the disadvantages of using 'natural' mutants could in 
principle be overcome by the use of 'artificial' mutants of well 
characterised organisms such as Escherichia coli. This species can 
be cultivated in a simple defined medium (see, for example, Section 
2-2-2). It grows easily and has a short generation time; the size 
of the inoculum is essentially unimportant; identical growth yields 
can be obtained from cells taken from the exponential or stationary 
phase~ independently of whether the inoculum was prepared in minimal 
or enriched media and the cells can be stored for several weeks in 
liquid culture at 4°C. 
Escherichia coli ~s a gut bacterium, which has well characterised 
transport systems for amino acids and peptides, that in many respects 
parallel the absorption systems found in the mammalian intestine 
(Matthews & Payne, 1975; Payne, 1975b, 1976, 1977). Therefore, 
Escherichia coli would seem to be a relevant and useful tool with 
which to assess the nutritional value of proteins. It has been shown 
for the amino acids tested that the same growth responses occur to 
free amino acids and to peptides. 
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Similarly, mixtures of these amino acids, their peptides, protein 
digests and other nutrients gave growth yields determined only by 
their content of required amino acids. In addition, growth yields 
on meal digests were linearly related to the amount of digest in 
the growth medium (Bell~~., 1977). 
The genetics of Escherichia coli are well characterised and 
much of the linkage map has been determined (Bachmann & Brooks-Low, 
1980), the cells are amenable to genetic manipulation by simple, well 
documented techniques (Section 4-2-2). The Escherichia coli lysine 
auxotroph (M2626), which was used in early work, has a mutation in 
the gene coding for the last enzyme of the lysine biosynthetic 
pathway (diaminopimelate decarboxylase), and thus, no biosynthetic 
precursor of Lys can meet the need for this amino acid. Double amino 
acid requiring mutants can be selected for desirable amino acid 
assays, e.g. Lys-Met, Lys-Trp (Chapter 4), and this facility offers 
advantages over the use of 'natural mutants', whose complex growth 
requirements and genomes are not fully characterised. 
Escherichia coli does not normally secrete free proteases or 
peptidases but its natural environment is the peptide rich lumen of 
the gut and it has efficient transport systems for absorbing these 
products as well as amino acids (Matthews, 1975). This means that 
when it is used to assay amino acids, an enzymic digestion of test 
proteins in vitro is needed. This proteolysis must produce fragments 
which are sufficiently small to pass through the outer cell envelope 
and reach the cytoplasmic peptide permeases (Payne & Gilvarg, 1968). 
Conditions for such proteolysis have been developed and described 
earlier (Section 2-B). 
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In fact, even when proteolytic organisms such as Streptococcus 
zymogenes are used; because they are only weakly proteolytic under 
assay conditions, prior enzymic digestion similar to that for 
Escherichia coli is also necessary. In Streptococcus zymogenes 
the level of exogenous proteolysis is variable and can be influenced 
by culture conditions, growth media and possibly other factors; 
there is also the possibility that secreted proteases may be 
hydrolysed by added proteases and vice versa; thus it is necessary 
to run enzyme blanks. These are perhaps less essential with 
Escherichia coli where conditions for proteolysis in vitro can be 
better controlled. 
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3-2 Bacterial Growth Assay For Available Lysine 
3-2-1 Method 
The Escherichia coli ~ lysine auxotroph M2626 was grown in 
test tubes containing 10 ml minimal medium A (Section 2-2-2), 
supplemented with sources of Lys. After autoclaving (15 psi, 15 min), 
glucose (0.25 ml, 20% w/v) was added aseptically to give a final 
concentration of 0.5% w/v, followed by an inoculum (0.1 ml, ca 106 
cells). The tubes were incubated at 37°C with shaking (100 strokes 
-1 
min ), in a water bath for 16 hours, and the absorbances were read 
at 660 nm using a Bausch & Lomb Spectronic 20, the zero time 
absorbances were subtracted from the final values. Using other 
mutants, (Section 4-2), Met and Trp were assayed in a similar way. 
Previous studies confirmed early results (Gilvarg & Katchalski, 
1965), that there is a linear relationship between growth yield 
(determined 
0 - 0.15 ~ 
by E660), and concentration of free Lys (in the range 
-1 
mol Lys ml ). The same growth yield is obtained with 
equal amounts of free, or of peptide-bound, Lys in a variety of 
defined peptides and biological digests and the values were not 
influenced by the presence of additional nutrients (see Bell et al., 
1977). Furthermore, when Met and Trp mutants were examined, their 
responses to these amino acids were comparable to that of M2626 to 
Lys. In conclusion, therefore, the use of Escherichia coli has 
advantages over some of the more widely used organisms. 
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3-3 6 -Galactosidase Assay For Available Lysine 
3~3-1 Introduction 
A new approcah to the determination of available Lys using 
M2626 was developed by Bell et ~., 1977; in which, rather than 
measuring cell proliferation specific enzyme synthesis was measured. 
In this way, a more rapid, sensitive and potentially automated 
colorimetric assay could be performed. Enzyme synthesis can be 
made to reach completion in less than the time required for a cell 
to divide and yet still be detected accurately and reproducibly, 
reducing the total assay period to less than 2 hours. Less than one 
percent of the Lys needed in the usual growth test is sufficient for 
the enzyme method. The amount of enzyme synthesis can be measured 
accurately using substrates that give coloured or fluorescent 
products. 
3-3-2 Enzymes 
Escherichia coli synthesises various well-characterised, 
inducible or derepressible enzymes that could be assayed by this 
method, and in preliminary studies B-galactosidase and alkaline 
phosphatase were evaluated (J.W. Payne- unpublished). However, 
here studies have been confined to the inducible enzyme 
B-galactosidase (E.C. 3.2.1.23.), which has over the years becg~~ 
the enzyme of choice in a variety of studies. For this work it has 
the particular advantage that the number of residues of Lys, Met and 
Trp are similar(29, 24, and 35 respectively I I molecule) Table 4.1; 
thus making the sensitivity comparable for each amino acid. 
3-3=2~1 Properties of S ~Galactosidase 
B-galactosidase is an intracellular enzyme that hydrolyses 
B-galactosides such as the milk sugar lactose, to give glucose and 
galactose. 
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When Escherichia coli is grown with glucose as the main carbon source, 
only a few molecules of the enzyme are present in the cell i.e. 
constitutive synthesis occurs, but when cells are grown with a 
8 ~galactoside as main C source, B -galactosidase synthesis is 
greatly increased, 1.e. induced synthesis occurs. 
The inducer need not be a substrate for S -galactosidase e.g., 
isopropyl- B -D~thio-galactopyranoside (IPTG), is a commonly used 
gratuitous inducer. The synthesis of B -galactosidase in Escherichia 
coli is regulated not only by induction but also by catabolite 
repression. Certain'preferred' carbon sources e.g., glucose or 
gluconate repress synthesis of the enzyme even in the presence of 
an inducer; succinate, acetate and glycerol are poorer catabolite 
repressors than glucose (Section 3-3-5-2). 
The colourless compound a -nitrophenol- B -D-galactopyranoside 
(ONPG) (Fig.3.1), is the substrate commonly used to assay 
S -galactosidase. The enzyme cleaves it to release a -nitrophenol 
that ionises to the ,J -nitrophenolate anion with an absorption 
maximum at 420 nm. 
3-3-3 Initial Studies 
The sequence of operations necessary for the assay of available 
Lys using the Escherichia coli 8 -galactosidase method were described 
by Bell ~ al., 1977. Using this method, a linear response was 
obtained in the range 0 = 25 nmol Lys ml-l final solution. Briefly, 
the sequence of events is as follows: 
(a) Lys=starved cells of the Lys auxotroph were prepared by growing 
in a medium containing limiting Lys (0.05mM), which caused 
growth to. stop at E660 of approximately 0. 5 (i.e. 5 x 10
8 cells 
-1 
ml ). After this, the cells were incubated for a further 
1 - 2 hours to deplete any residual Lys. 
8S 
FIGURE 3.1 
Reactions Catalysed by ~-galactosidase 
General Reaction 
H OH 
§Recific Reactions 
When R = maO 
H OH 
When R = 
When R = 
CH 
/ 3 
=S=CH 
'CH 
3 
H 
( E.C. 3. 2. 1. 23) 
+ ROH 
OH 
The substrate is lactose 
The substrate is o-nitrophenyl-
B -galactoside (ONPG) 
The substrate is isopropylthio-
B -galactoside (IPTG)~ an 
inducer but not a substrate. 
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(b) The starved bacteria were collected by centrifugation (8000 g, 
20 minutes), and resuspended at a density of approximately 
8 -1 2 x 10 cells ml in a complete growth medium, equilibrated 
at 37°C and containing lmM IPTG. A medium was used with 0.6% 
w/v lactate as the C source (prepared by neutralisation of 
lactic acid with NaOH). 
(c) 0 After 10 minutes incubation at 37 C, 0.8 ml of induced cells 
were added to tubes containing 0.2 ml of a source of Lys (free, 
peptide-bound or biological digest), and incubated for 2 hours 
to allow synthesis of that quantity of enzyme which could be 
formed from the available Lys in the digest. 
(d) 50 pL of toluene was added, the suspension was mixed on a 
vortex mixer and incubated for 20 minutes at 37°C to disrupt 
the bacterial permeability barrier. 02 ml SmM ONPG, equilibrated 
at 37°C was added and the enzymic reaction allowed to proceed 
at 37°C for 20 - 60 minutes as convenient. 
(e) Enzyme action was stopped by the addition of 0.2 ml 1M sodium 
carbonate solution and enzyme activity was measured (420 nm, 
1 em pathlength cuvette), from the colour yield (amount of 
a -nitrophenol released from the substrate). 
In the above system, enzyme activity is linearly related to 
enzyme concentration, thus a direct measure of enzyme synthesis can 
be obtained from the 0-nitrophenol released. The number of active 
enzyme molecules that can be synthesised by the auxotroph depends on 
the amount of available Lys and this was determined using a 
calibration curve of B ~galactosidase activity (E 420) versus Lys 
concentration. Where E420 1 corresponds to D.23 
-1 )1 mol ml 
of 0 -nitrophenol (Fig. 3.2). 
0 
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FIGURE 3.2 
Lysine Calibration CUrve 
Available Lys versus amount of -~-galactosidase synthesis 
by E.Coli. 
Incubation of substrate for thirty minutes with toluene-
treated bacteria. 
E420 = 1.0 corresponds to o-nitrophenol (0.23~ mol/ml). 
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Subsequent work described herein was carried out with the 
objective of increasing the sensitivity of the assay and reducing 
the assay time. 
3-3-4 Development of a-Galactosidase Assay 
3-3-4-1 Effect of Cell Concentration 
-1 With a fixed concentration of Lys (4 nmol ml ), the rate of 
enzyme synthesis was directly proportional to the number of bacteria 
used (Fig. 3.3). The final yield of enzyme was equal in each case, 
being determined by the amount of added Lys and independent of the 
8 8 
concentration of bacteria within the range 1 x 10 - 5 x 10 cells 
-1 
ml . 
3-3-4-2 Kinetic Studies 
When a fixed concentration of bacteria 8 (ca 3 x 1r cells), 
-1 
d d h · f · d (0-10 nmol ml ·), was use an t e concentrat~on o Lys was var~e 
the rate of enzyme synthesis increased with increasing Lys 
concentration up to a maximum rate; although the final yield of 
B-galactosidase showed the expected variation. Maximum enzyme 
synthesis was achieved by 60 minutes and this was taken as a 
suitable incubation time (Fig. 3.4). 
The E420 values measured are not simply dependent on the amount 
of B -galactosidase but also upon the incubation time of the enzyme 
with the substrate. Thus, if this time is increased, it offers an 
"amplification factor" and low enzyme synthesis could be measured 
more sensitively by extending this period. 
3-3-5 Preparation of Cells 
It is necessary that the cells are starved of the amino acid to 
be assayed and any residual pool of that amino acid depleted. 
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FIGURE 3.3 
Rate of Beta-galactosidase synthesis by the E.coli Lys 
auxotroph M2626 as a function of bacterial concentrationo 
Lys (20nmol/ml) added at zero timeo Approximate cell 
concentrations: 
&--[), Sx10
8 
cells/ml; 
.• ....____~ 8 2o5xl() cells/ml; 
• 
·---· 
1 x108 cells /ml. Enzyme assayed by method described 
in section~'h3 
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FIGURE 3.4 Kinetics Of B -galactosidase Synthesis By E. coli ~12626. 
Cell concentration= 3 x 108 rnl-1 • Cells were incubated with Lys 
concentrations for times shown and a-galactosidase was assayed by 
procedure as described in Section 3~3-3. Starvation periods were 
:r:educed hence blank values®---® were high. 
~ @ 10 nmol rnl- 1 Lys 
®>----® 
6,.----1"8 
-1 ' 7.5 nrnol rnl Lys 
5 -1 nmol rnl Lys 
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However, the practice of growing cells to stationary phase in 
limiting amino acid (Section 3-3-3), and harvesting by centrifugation 
is not very convenient, as timing of subsequent steps is important and 
centrifugation and washing is time consuming. Attempts were 
therefore made to improve this procedure: ~12626 was grown as previously 
described, but with 0.2~1 (excess) Lys with either 0.5% w/v lactate or 0.5% 
v/v glycerol as C source. About 20 ml of exponentially-growing 
8 -1 
cells (generally approximately 5 x 10 cells ml ), were collected 
on a membrane filter (Section 2-2-4). The cells were washed with 
twice the original volume of A medium containing 0.5% w/v of the 
required carbon source, and equilibrated to 37°C. They were then 
resuspended in the original volume of A medium plus lactate or 
glycerol, but minus Lys, and incubated at 37°C with shaking, for 
various times. To determine the rate at which residual Lys in the 
cells became depleted, 2 ml samples were removed from the incubation, 
induced, and B -galactosidase was assayed by the published method 
in which starvation was achieved by depletion of limiting Lys 
(Section 3-3-3). The results (Fig. 3.5), show that the intracellular 
Lys pool was essentially depleted within 30 minutes; therefore, to 
allow an extra safety margin a 60 minute starvation period, prior 
to induction, was adopted as standard. There was a low 'background' 
level of enzyme synthesis that continued after the adopted starvation 
period and we presume that this arises mainly from intracellular 
protein turnover. However, this level was relatively low, even 
8 
with ca 5 x 10 cells, and was compensated for 1n all assays by 
appropriate blanks 
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FIGURE 3.5 
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30 
Protein 
60 90 120 
Synthesis Time (min) 
Beta~galactosidase synthesis by M2626 using endogenous Lysine. 
Cells were grown to exponential phase, washed and starved of 
Lys as described in text. At stated times 2ml aliquots were 
induced and s-galactosidase assayed. Cell concentration: 
approx 2xl08 cells/ml. 
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In the final version of the routine B -galactosidase assay 
7 8 -1 (Section 3-4), which utilises about 10 - 10 cells ml , the 
quantity of amino acid liberated by protein turnover of starved cells 
is an insignificant source of error. Less than l nmol Lys could be 
detected in cell extracts prepared from 2.5 x 109 cells starved of 
Lys for 60 minutes. 
3-3-5-l Effects of Starvation After Induction 
For B -galactosidase to be a useful enzyme ~n this context, it 
is important that its activity is stable once synthesised. Thus, an 
attempt was made to determine whe~her there is any sigt:~-ificant loss 
of activity of the enzyme in amino acid or carbon-starved cells. 
100 ml of bacteria were grown overnight in limiting Lys, as already 
described with sodium lactate (0.5% v/v), as carbon source. The 
E660 was found and the cells were induced at zero time and 0.02 mM 
Lys was added to allow enzyme synthesis. B -galactosidase levels 
were measured after intervals up to 90 minutes. The cells were 
collected on a filter (Section 2-2-4), washed to remove inducer 
using equilibrated 1 x A medium and the E660 adjusted to the 
individual level. Aliquots of these cells were added to 5 boiling 
tubes with combinations of Lys, lactate or glucose or to controls 
minus the amino acid or carbon source and the tubes were incubated 
0 
at 37 C. The level of a-galactosidase present at different times 
thereafter under these starvation conditions were then measured. 
Fig. 3.6 shows that there was no systematic variation in the enzyme 
present in the cells whilst they were kept under starvation and 
thus~ this is unlikely to be a serious source of error if prolonged 
incubation periods are necessary for a particular assay. 
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FIGURE 3.6 Stability Of B -galactosidase Under Various Conditions 
After synthesis of enzyme cells were washed (to remove inducer and Lys) 
8 -1 
and 20 ml cells (ca. 10 ml ) were added to flasks at zero time
9 
the 
incubations continued and 13 -galactosidase assayed at stated times. 
At T=0 9 E = 2.42: 420 minus Lys + Glucose 0.5% w/v o~--~o 
minus Lys + Lactate 0.5% w/v b-----tl; + Lys (OoOl IliM) + Glucose 
0.5% w/v CJ------0 ;+ Lys (0.01 mM) + Lactate 0.5% w/v 6~---.6 ;Lys 
present but cells starved of main C source 0 o . 
Arrow on ordinate indicates initial concentration. 
95 
'3-3-5-2 Carbon Source For Growth and Assay 
Conunonly, when growing Escherichia coli, glucose is used as 
carbon source. However, in the B -galactosidase assay, as originally 
described (Bell et al., 1977), sodium lactate was used since this 
avoids problems of catabolite repression (Section 3-3-2-1). The use 
of glycerol (0.5% v/v), and succinate (0.5% w/v), as alternate C-sources 
was examined. Fig. 3.7 shows that glycerol is a satisfactory C-source 
for the assay. However, in this experiment, all flasks were aerated 
and this could be an inconvenience when seeking a simple assay 
procedure. Incubations w~r_e therefore carried out in duplicate with 
lactate (0.5% w/v), and glycerol (0.5% v/v), in each case, one flask 
-1 
was sh~ken (100 strokes min ·), to aerate, and the other was static. 
The results (Fig. 3.8), show that aeration is necessary for enzyme 
synthesis with lactate as C-source but is unnecessary with glycerol. 
The weak catabolite repression (Section 3-3-2-1), caused by glycerol 
is insignificant compared to that with glucose, and since the use of 
glycerol negated the requirement for aeration during protein 
synthesis, assays were routinely carried out in the presence of 0.5% 
v/v glycerol. 
When cells (M2626), growing in A medium with 0.5% w/v glucose 
as C-source, were transferred to an identical medium containing 0.5% 
v/v_glycerol, there was a lag varying from typically 2, up to 8 hours. 
However, once growing exponentially, M2626 had a mean generation time 
of 45 minutes on glycerol compared with 35 minutes on glucose 
(fl k b . 11 d 100 k . -l . ass e1ng we aerate , stro es m1n , 1n each case). 
In a separate growth test, where cells were grown in limiting 
(O.lmM) Lys, the same E660 was reached with both carbon sources, 
with growth stopping at E660 = 0.51 for glucose grown and 0.50 for 
glycerol grown cells. 
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FIGUr~G. 3. 7 
S -galactosidase synthesis in the presence of various C sourcPs 
Ill II Glycerol 0. 5%v /v 
~--.Lactate 0.5%w/v 
o---o Succinate 0.5%w/v 
Experimental method as in Figure 3.6. All flasks conjining 
ca. 108 cells /ml 9 shaken for aeration (100 strokes / min 9 
shaking water-bath). B -galactosidase assayed by original 
procedure (section 3:-3-3). All cells pre-grown in C source 
used for the experiment. 
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• 
30 60 90 120 
Time (min) 
Effect Of Aeration On Synthesis Of· B-galactoddase By E.coli 
M2626 With Lactate Or Glycerol As Carbon Source. 
M2626 grown on appropriate C source to exponential-phase. Cells were 
collected and starved in normal way. Equal volumes of induced lactate-
and glycerol-grown cells were added to flasks containing 0.5% w/v or v/v 
appropriate C source and 0.2 mM Lys. Flasks were incubated at 37°C 
in static or shaking (100 strokes min~ 1 )s water baths. At stated times 
2 ml aliquots were removed from each flask and B-galactosidase assayed. 
~ Lactate + aeration ~~~--~- Lactate no aeration 
~ Glycerol + aeration ~~ Glycerol no aeration 
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3-3-5-3 Cell Disruption 
The synthetic chromogenic substrate (ONPG) used for the assay 
of a-galactosidase will not enter Escherichia coli cells unless 
the permeability barrier is broken. Hence, cell disruption is an 
essential step in the assay. In.itially, (Bell et ~·, 1977), this 
-1 
was accomplished using toluene (20 u L ml final concentration, 
8 -1 
added to tubes containing ca 10 cells ml ), the toluene being 
mixed thoroughly with the cell suspension and incubated at 37°C for 
20 minutes prior to the addition of substrate. Toluene is used 
commonly to make bacterial cells permeable to exogenous substrates 
with molecular weights up to about 50,000. It is not clear exactly 
what damage to the cell envelope occurs; several reviews give 
detailed accounts of the effects of toluene on cells of Escherichia 
coli (Jackson & Demoss, 1965; Woldringh, 1973). 
One fact that these authors make clear, however, is that the 
extent of damage depends on the methods of treatment (toluene 
concentration and temperature). Any attempt to simplify the assay 
in such a way that it could be more readily automated by disrupting 
cells -prior- to induction cannot be successful because this abolisfies 
any amino acid dependent synthesis of S -galactosidase (Fig. 3.9). 
It was found that toluene concentrations could be reduced slightly, 
but when the reduction-was by two fold or more, enzyme yields were 
significantly reduced (Fig. 3.10). This Figure also shows that for 
good permeabilisation incubation periods of at least 30 minutes are 
required. 
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FIGJKE 3.9 Disruption of E.coli M2(;26 By ToluenE 
C) X 8 -1 -1 10 cells ml disruptE:·d v1i th 20 )Jl ml · tolt;.nnc 
30 
before ••~_, •• , or after .AJA.----,0!\!6. induction. C2lls incubated 
· 1 f n · "7° .P ·d · · wlth to uene or 2. mln at ~. C ~or lsruptlon. Enz~rme 
assayed 'Jy method described :'.n Section 3-3-3 
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FIGURE 3.10 
Effect of Toluene Concentration and Time of Disruption on 
B -galactosidase activity in E. coli l\12626. 
Cell concentration ca. Sxlo7 I ml; X axis shows time of incubation 
of cells in toluene at 37oc, tubes thoroughly mixed (whirlimix) 
every 10 .min. 
X 20Jl toluene I ml cells 
~ 8 lOIJl toluene I ml cells 
b 6 51-Jl toluene I ml cells 
[lB !til 2. SIJ 1 toluene I ml cells 
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An alternative method for the disruption of the permeability 
barrier of bacterial cells of particular use when assaying 
B -galactosidase~ has been described by Putnam & Koch, (1975). 
This employs the following disruption medium: 1 part 10% w/v sodium 
dodecyl sulphate (SDS); 1 part 0.02M manganous sulphate; 1 part 
toluene; 5 parts 2-mercaptoethanol. The mixture forms a single 
phase with incipient cloudiness in the presence of water. The 
toluene and SDS both serve to break down the permeability barrier. 
The manganous cation acts as a co-factor to stabilise S -galactosidase 
(Rickenberg, 1959), and also to enhance the effect of the 
mercaptoethanol which keeps the enzyme in a more stable, reduced 
state (Craven et al.~ 1965). The solution can be stored in a glass 
bottle (ensure that a rubber insert is not used), at room temperature 
for up to six months - after which time it begins to darken and 
should be discarded. To compare the efficiency of the various 
disruption procedures and to establish the function of the various 
components, M2626 was used in the following tests: 
(a) Disrupted with 10 ]1 1 ml~l toluene 0 at 20 - 22 C for 30 minutes. 
(b) Disrupted with 10 ]1 1 ml-l toluene incubated at 0 37 C for 30 
minutes. 
(c) Disrupted with 10 Jl 1 ml=l medium of Putnam & Koch at 20 - 22°C 
(room temperature for 10 minutes). 
(d) As {c) above but with 10 Jl 1 ml=l disruption medium made up 
minus mercaptoethanol. 
The results of kinetic assays (Fig. 3.11), demonstrate that 
disruption using the Putnam & Koch method was more effective than 
using toluene alone ~that the mercaptoethanol was essential to 
act as a reducing agent and maintain the stability of the enzyme. 
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FIGURK 3.11 
Examination of Disruption Methods 
M2626 grown in medium containing 0.5% vlv glycerol and excess Lys. 
Exponential cells collected~ washed and starved as described in text 
Resuspended in medium containing 0.1~1 Lys ca 2x108 cells I ml. 
At time intervals duplicate 2 ml samples removed and treated: 
o--o Putnam and Koch medium 10 fl L 10 min~ room temp. 
6----6 as above but less mercaptoethanol. 
~ Q Toluene 1(\1 L I ml ~ 37oc ~ 30 min. 
}! ~ Toluene 10f1 L-1 ml ~ room temp 9 30 min. 
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(These results could explain why~ in some previous kinetic assays, 
where incubation times exceeded 90 minutes, enzyme activity began to 
fall). 
In the previous experiment, disruption of the cells, using the 
method of Putnam & Kochp was carried out as they recommended, at 
room temperature (20- 22°C). Subsequent experiments (Fig. 3.12), 
established that higher values of enzyme activity were indeed 
0 
obtained when disruption was carried out at 20 - 22 C rather than 
The mercaptoethanol could be replaced by an equivalent 
concentration (5 parts, 0.02M), of dithiothreitol (Cleland's reagent), 
with no effect on enzyme activity (Fig. 3.13). However, this was 
not used routinely because it is much less stable in solution. 
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FIGURE 3.12 Time (min) Effect Of Temperature On Cells Disrupte~l By Putnam ancl 
Koch Method : liffect On ·6-gala.ctosida.se Activity. 
!112626 grown ~ collected in e),110nential~-phase, washed and starved of 
endogenous Lys (as described in text) • Resuspended in A medium + 
8 ·-·1 O.S:"bv/v glycE~rol + 0.1 mM Lys at ca. 2 x 10 cells ml · • 
0----D Putnam and Koch Medium lOJJJ ml-l. 20 - 22°C 
as abo'Je incubateu at 37°C 
Putnam anrJ Koch Medium minus mercaptoethanol, 20 - 22°C 
t\ ll in( ub.•.t inns wi. th disruption mt>di um W(~n· .for 10 min. Fnzymc assavc·li 
by method <'I< ·scribC>d i ~~ St>ct ion 3=.~-3. 
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f.'IGURE 3.13 Use Of Dithiothreitol As Reducing /\gent In 
Disruption Medium. 
M2626 exponential cells collected, washed and stc:.rved in 
normal manner; resuspPnded in medium containing 0.1 mM Lysine. 
11 , . 8 ml-1 Ce uE·nsl ty ca. 5 x 10 • At stated time intervals 2 ml 
samples removed and treated:· 
~ Putnam and Koch disruption medium~ lOl-l l ml-1 ~ 20- 22°c. 
()--() l\1edium as abo';e but minus mercaptoethanol, with the 
0 
acldi t:i.on of 1 part 0.021\1 di thiothrei tal~ 20 - 22 Co 
~ As above but with nei th?r reducing arJent presfmt. 
Incubation timPs for disruptions c 10 nri il 
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3-4 Recommended Protocol For Final Assay Procedure 
The summary below gives the sequence of operations for the 
modified method which was used routinely in subsequent assays. 
1. For running 40 assay tubes (20 duplicates)~ grow 20 ml 
Escherichia coli ~ auxotroph M2626 in a 100 ml conical flask 
0 -1 
at 37 C with shaking at 100 - 120 strokes min 9 using A medium 
containing 0.5% (v/v) glycerol as C source and 0.2mM Lys. 
2. Collect exponentially growing cells on a Millipore filter (6 em 
diameter, 0.45 pore size) 9 and wash filter with twice original 
volume pre-equilibrated (37°C) A medium to remove excess Lys. 
3. Suspend cells in 20 ml fresh~ equilibrated A medium containing 
glycerol 9 as before» but without Lys. Incubate at 37°C with 
shaking for 60 minutes to exhaust endogenous Lys. 
4. 8 -1 Adjust cell density to give approximately 10 cells ml 
(OD 0.05 Bausch & Lomb Spectronic), and add inducer !PTG 
O.OlM~ 0.2 ml, to give a final concentration of O.lmM. 
5. Incubate cells with inducer for 15 minutes at 37°C. Remove 
0.5 ml samples and add to numbered tubes containing the material 
to be assayed (to give a final volume in the assay tube of 2 ml), 
pre-equilibrated at 37°C. Test samples should contain Lys in 
the range 0 - 1.0 ~ M. 
6. Incubate tubes at 37°C for 75 - 90 minutes with gentle shaking; 
during which time the bacteria ~ynthesise a quantity of 
S -galactosidase dependent on the Lys available in the assay 
sample. 
7. In a fume cupboard, add 20 l.Jl of Putnam & Koch disruption 
~1 
medium (Section 3-3-5-3), to give 10 l.Jl ml to each tube. Mix 
each vigorously on a whirlimix (5 seconds at milximum speed). 
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0 Leave at room temperature (20 C)» for 10 minutes, giving a 
second mix after 5 minutes. 
8. Add 0.2 ml of lOmM substrate, ONPG, to each tube, mix thoroughly 
but gently and incubate in a fume cupboard at room temperature 
for a period appropriate for activity (usually about 30 minotes). 
9. Add 0.1 ml 1M sodium carbonate to raise the pH to 11.0 and to 
stop the reaction. Read the yellow (E420) of the liberated 
o-nitrophenol and plot values of absorbance against time 
(corrected as necessary). 
10. Read the available Lys concentration for test samples against 
a calibration curve relating 8-galactosidase activity to 
standard amounts of Lys, covering the range 0.1 - 1.0 ]JM Lys. 
Results of assays for proteins of known composition, high protein 
meals» and rice samples are discussed in Sections 6=6, 6-7 and 6-8 
where detailed methods of calculation are described. 
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3-5 Assay Results 
3-5-1 Stability of Liberated g =nitrophenol 
In order to determine the stability of the a ~nitrophenol in 
assay tubes one set of 20 tubes was retained after the E420 had been 
read at the end of the assay. The value of the E420 was read (Gilf~ 
Spectrophotometer), and recorded at fifteen minute intervals for a 
six hour period, during which time the tubes were kept at room 
temperature. The results (not shown), demonstrated that the 
a -nitrophenol in solution with the test sample, disrupted cells and 
disruption~med:!,!J!IJ,, w~f> stable to-r: up to two hours. After which a 
gradual decrease occurred (average decrease 13.1% over 6 hours). 
This demonstrated the importance of reading all results within two 
hours of completing the experiment. In practice, tubes were read 
immediately at the end of the incubation period. 
3~5=2 Computation of Results 
As already described (Section 3=4), the enzyme activity present 
in the assay tubes is determined by measuring the absorbance at 
420 nm. The optimum range for E420 readings should be between 0.3 -
2 (SP1800). 
The E420 reading is a combination of the absorbance of the 
a -nitrophenol and the light...,scattering from cell·debris. This latter 
component can be corrected for by measuring the extinction at 550 nm, 
at which there is only light scattering and no absorbance of the 
q -nitrophenol (Fig. 3.14). 
For Escherichia col~ (light scattering) E420 1. 75 
(Fig 3.15). Using this correction factor the true absorbance of 
a -nitrophenol was computed for each sample Actual (corrected) 
E = (E550 X 1.75). This was used routinely at first. 
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Relationship between wavelength and extinction for solution of 
(J '-ni trophenol ( 0. 55mM) 
E 420 corresponds to d-nitrophenol =0.23 ~mol /ml. 
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Relationship between Wavelength and Extinction for Cell 
Suspension (ca. 108 cells / ml) 
E660 1.0 = 2 x109 cells 
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However~ when the development work had been completed~ and optimum 
assay conditions established~ cell densities could be reduced from 
8 -1 8 =1 
ca 5 x 10 ml to less than 10 ml (E 660 = 0.05). At this level 
the light scattering caused by cell debris was shown to be insignificant, 
E550 less than 0.01 compared with absorbance from the o -nitrophenol~ 
and thus~ could be ignored. 
After the corrections had been made to the E420 reading (where 
necessary), the value of the control blanks (tubes to which no test 
sample was added)~ was subtracted from all readings. To speed the 
calculation~ a programmed calculator was used. -In- all Figures (except 
where otherwise stated)~ where E420 values are plotted~ the data have 
been corrected as necessary. 
In some earlier experiments~ instead of correcting the E550 
contribution of the cell debris~ the sample tubes were spun on a 
bench centrifuge (3100 r.p.m.~ 20 minutes). Although this procedure 
was satisfactory~ it was not used routinely because it was more time-
consuming. 
A typical Lys calibration curve~ showing the levels of Lys which 
can be detected using the final mpdiJied protocol _(Section 3=4), is 
given in Figure 3.16. Results obtained using this modified protocol 
show approximately 20-fold greater sensitivity than in the original 
procedure (Fig. 3.-2)-. A linear response being obtained in the range 
0 - 1.0 w M (final concentration) Lys. 
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112 
--
---
-
-
-
-
02 0·4 0·6 0·8 1·0 2·0 3-0 4·0 
0 
0·1 
0 
0 
0 
0 
0-3 
(JJM) 
0 
0 
0·5 0·7 1·0 
Lys. (JJM} 
Available Lys versus amount of B -93-lactosidase synthesis by M2626 
using modified pr6toco1 (section 3A); increased sensi ti vi ty over 
. original method (fig: 3 0 2 ) of twenty" .:fold o 
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3-6 General Conclusions 
The assay described can be completed in 2! hours, with up to 
30 samples being handled. The sensitivity can be further increased 
by extending the enzyme-substrate incubation times; but using the 
standard modified procedure, as described, 0.1~ M Lys can be 
determined. Results demonstrating the application of the method to 
measure peptide=bound Lys and Lys present in a variety of digests 
are described in Chapter 6. 
CHAPTER FOUR 
SELECTION AND CHARACTERISATION OF 
MUTANT STRAINS FOR USE IN ASSAYS 
FOR AVAILABLE METHIONINE AND TRYPTOPHAN 
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4-1 Introduction 
Whereas Lys is probably the most frequently deficient amino 
acid in the European diet at present because wheat proteins are 
deficient in Lys; Met is another essential amino acid that is often 
deficient~ especially when the staple consists of legumes (Woodham, 
1978). It has been claimed that Met is the most important S-containing 
amino acid (Heimann, 1980), through its action as a methyl donor. 
The human requirement for Met may be satisfied by homocy,steine, or 
by certain methionine hydroxy analogues~ provided methylating agents 
(such as choline and vitamin B12}, ~:r:_~ present in the _diet.- Cysteine 
however~ will only partially replace Met (Meister, 1965). Cysteine 
is readily converted to Met chemically and analyses generally quote 
Cys plus Met. 
Trp is an essential aromatic amino acid th<:!t is rarely first 
limiting 1n food protein sources but which does present a particular 
problem because it is rapidly destroyed by acid hydrolysis and hence 
cannot be determined by using conventional chemical analyses. 
Therefore, reliable data of Trp contents are rarely encountered. 
Cyst (e) ine is also destroyed by ac~d_ ~(}!"o!ysi_s (~_illJams et _al. ,_ 
1979)~ and 1s usually determined after conversion to stable cysteic 
acid using performic acid oxidation. After prolonged acid hydrolysis 
Met is dest;royed (Chapter 5). 
For these reasons, it was decided to isolate double auxotrophic 
mutants to permit the assay of Lys, Met arid Trp. Because the 
B =galactosidase molecule contains approximately equal numbers of 
each of these residues (See Section 3=3=2 and Table 4.1), sensitivity 
to each could be expected to be of the same order (Section 4-3-1). 
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Table 4.1 
Amino Acid Composition Of B -galactosidase 
Residues per ! Molecule Ratio 
Lys 29 1.0 
Met 24 0.8 
Trp 35 1.2 
Total molecular weight = 135~000 
Data from Craven et al (1965)~ Steers & Cuatrecasas (1974) 
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4-2 Isolation of Double Mutants 
4-2-1 Introduction 
The auxotrophic mutants required for the enzymic assay of 
amino acids should ideally be deletions since these would be stable 
and reversion would be avoided. To try and achieve this simply, 
nitrous acid was used as a mutagenic agent. It acts directly on 
nucleic acids by oxidatively deaminating their bases. Thus, adenine 
is deaminated to hypoxanthine which pairs with cytosine instead of 
thymine and cytosine is deaminated to uracil which pairs with adenine. 
G1.1anine is_ changed- to xanthine--which continues to pair with cytosine 
but with only two instead of three H bonds. Thymine has no amino 
group, hence it is unaffected by nitrous acid. Thus, nitrous acid 
causes two way transitions A-T~ G- C and can lead to part of 
the chromosome being deleted (Hayes, 1968). 
4-2~2 Isolation Techniques 
Nitrous acid was prepared by using the method of Schwartz & 
Beckwith (1969), by the addition of 0.1725 g NaN02 to 25 ml sodium 
acetate buffer (O.lM, pH 4.6), at room temperature (approximately 
20°C). This gives Q._lM HN02.; 0.05M .when diluted in the reaction 
tubes. Because it is unstable, it is used immediately. The O.lM 
acetate buffer was prepared using sodium acetate and acetic acid 
and its pH was adjusted to 4.6 before autoclaving (15 p.s.i., 15 
minutes). 
To isolate mutants tvith nitrous acid, the treatment should g1ve 
a survival rate of 0.1 = 0.01% (Miller, 1972a); therefore, a 
preliminary experiment to determine the necessary conditions for 
this was performed~ 
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Approximately 5 x 108 cells of M2626 were ad-ded to each of 6 
sterile 15 ml centrifuge tubes; collected in a bench centrifuge at 
0 3,100 r.p.m., washed once with 10 ml acetate buffer at 37 C then 
resuspended in 1.0 ml of the same buffer. 0.1 ml samples were 
removed and viable cell counts performed (initial cell numbers). 
Freshly prepared nitrous acid was added to duplicate tubes to give 
final concentrations of 0.07, 0.05 and 0.03M. 
After 10 minutes at 37°C, 10 ml of excess of potassium phosphate 
buffer, pH 7.0, 0.2M was added to one of each duplicate pair to stop 
the reaction, an£! ~!t:_er a fur_t_h~r five minutes the _reaction in _the-
remaining three tubes was stopped in the same way. Viable counts 
were performed to determine the percentage survival in each tube 
(Table 4.2). 1.0 ml of each of the mutagenised samples in buffer 
were also added to six flasks containing 24 ml of A medium enriched 
with 2mM Lys, 2mM Met or Trp, 0.5% w/v glucose and 0.1% yeast extract 
0 
and incubated for 12 hours at 37 C, for growth of survivors. These 
flasks were then stored at 4°C for 24 hours awaiting the results of 
the viable cell counts. 
Optimum killing conditions were faun~ t:_~ l?_e f_if~een_ m:!:lJ.llJ:es 
with 0~07M nitrous acid; therefore, the flasks that had been 
subjected to other times and concentrations were discarded. The 
remainder were used for the next stage: Penicillin enrichment. 
Because the mutants required are auxotrophs distinguished by 
their lack of growth on media that support growth of the tvild type, 
replica plating must be used for their selection. 
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Table 4.2 
Nitrous Acid Treatment - Percentage Survivors 
Percentage Survivors 
Contact Time {min) 
10 
15 
0.07~ 
0.02 
0.01* 
1.0 
0.1 
20 
4 
* Because 0.1 - 0.01% survival is required~ cells treated 
in this way were used subsequently. 
a Molarity of nitrous acid. 
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However, a penicillin enrichment step was first used to 'concentrate' 
the desired mutants. Escherichia coli, like other Gram negative 
bacteria, is fairly resistant to penicillin, therefore, the N-
substituted penicillin, Ampicillin, was used (Holholt, 1967; 
Christensen, 1981). -1 A solution of 0.2 mg ml (aq), of Ampicillin, 
sterilized by filtration, retained its activity against Escherichia 
coli for six months (data not shown). A solution of O.OSH Mg++ in 
sucrose (100% w/v), was prepared and filter sterilized. 
For the enrichment procedure, approximately 5 x 109 cells from 
0 the mutagenised cultures were grown up at 37 C in medium containing 
lmH lys and either lmH ~et or Trp for 3 hours. Cells were then 
collected, washed and resuspended in the same media but minus the 
Het or Trp and again incubated for 3 hours, for the cells to use up 
the endogenous pool of these amino acids. After this time, the 
E660 was taken, and if the cell density exceeded 2 x 10
8 
ml-1 , the 
culture ~vas diluted with A medium (HolhoH, 1967). ++ Sucrose, Hg 
and Ampicillin were added to each flask to give final concentrations 
-1 
of 20% w/v O.Ollf and 0.02 mg ml respectively and incubated for 90 
ml.'nutes at 37°C. 2 5 1 f 11 · d h 11 • m o ce suspens1.on was remove , t e ce s 
were collected l.n a bench centrifuge (3,000 r.p.m., 20 minutes), and 
0 
resuspended in A medium equilibrated to 37 C and washed to remove 
the antibiotic. Washed cells were resuspended in A medium enriched 
with Lys plus Het or Trp as before. 
The enrichment procedure was repeated once more only (any further 
cycles would increase the proportion of required mutants but would be 
likely to select for Ampicillin-resistant strains). 
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Dilutions were then made and 0,1 ml of diluted suspension from each 
tube (to contain 100 ~ 150 viable cells)~ was spread on an agar plate 
(enriched with Lys and Met or Lys and Trp), Six plates of each 
dilution were prepared for each auxotroph sought, After incubation 
0 
at 37 C for 24 hours to give suitable colonies~ the colonies were 
replicated onto minimal + Lys plates in the normal way (Lederberg & 
Lederberg» 1952; Miller» 1972b). 
Twelve presumptive Met, Lys and thirty-seven presumptive Met~ 
Trp auxotrophs were initially isolated. Each colony was checked by 
streaking onto duplicate gridded plates containing Lys and plus or 
minus Met or Trp, In this way colonies of four Lys. Met and three 
Lys~ Trp auxotrophs were selected. 
----------------------------------------
4-3 Characterisation Of Mutants 
4-3-1 Growth Response Curves 
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The generation times on glucose and glycerol were determined for 
each double auxotroph and no significant differences were found 
between the parent and derivatives. For complete growth in A medium, 
the mutant strains required approximately O.lSmM Trp and O.lmM Met. 
Figure 4.1 shows growth yields for two double mutants versus 
amino acid concentration for each of their required amino acids. On 
agar plates, 0.3mM of Met or Trp were required to give large colonies, 
with 0.2mM being the minimum concentration to support visible colony 
growth in each case. 
4-3-2 Relative Sensitivity to Lys, Met and Trp 
In addition to the growth tests, the more sensitive B -galactosidase 
assay was performed. Each of the isolates was tested in a combined 
assay for Lys and Met or for Lys and Trp. In each case one amino 
acid was supplied in excess (0.2mM), and graded doses (0.0002- 0.02mM), 
of the other were supplied. Thus, the amount of enzyme synthesised 
~n response to equimolar amounts of each of the required amino acids 
could be compared. Results (Fig. 4.2), showed that the sensitivity was 
of the same order in each case, with only slight variation in 
enzyme yield for each amino acid as measured from the ratios of the 
slopes. These observed values are in close agreement with the 
calculated ratios for these three amino acids in @ -galactosidase 
(Tables 4.1 and 4.3). Deviations from these theoretical ratios might 
arise from differential catabolism of the amino acids but seemingly, 
this is of n1inor consequence. See discussion (Section 7-3). 
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FIGURE 4.1 Growth Yields Of Double Auxotrophs 
·08 
·08 
0 
·08 
Cells grown in presence of stated amino acids for 18h. 
·10 mM 
·1o mM 
0 
·10 mM 
A M2626 grown in A medium + 0.5% w/v glucose and 0.01 - 0.1 mM Lys. 
B Strain POA111 (Lys- Met-) grown in A medium+ 0.5% w/v glucose? 
0.01 - 0.1 mM Met and 1.0 mM Lys. 
C Strain PAO 110 (Lys~ Trp-) grown in medium as above (1.0 mM Lys) 
but containing 0.01 ~ 0.1 mM Trp. 
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FI·::;mm 4.2 8 -galactosidase Assay For Lysine 9 Methionine and Tryptophan. 
Amino acids being assayed are supplied at 0.04mM volumes stated 
added to give total volumes of 2.0 ml. 
required by strain supplied at 0.2 mM. 
In each case second amino acid 
f.IIO - -
A= strain 1~1, Lys Met ; 
A 
B = strain PAO 1 fl09 Lys Trp • 8 -galactosidase assayed by modified 
method described in section 3-4. ~ 9 Lys; tj,r~~ ,Met ; ~CJ, Trp. 
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Table 4.3 
Comparison Of Observed Relative Sensitivities To Lys, Met And Trp 
And Their Calculated Molar Ratios In B -galactosidase 
Slope of response Ratio of Calculated Molar ratio 
lines a slopes in B -galactosidaseb 
Het 2.4 
Lys 1.8 1.33 1.25 
Lys 1. 75 
Trp 1.37 1.30 1.28 
a Calculated from Figure 4.3 
b Data taken from Table 4.1 
See also discussion - Section 7-3. 
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These results also imply that this standard B -galactosidase 
procedure should be applicable to a variety of other amino acids 
provided appropriate auxotrophs are available. 
4-3-3 Reversion Rates of Auxotrophs 
4-3~3-1 Introduction 
As a simple way of testing whether the mutants PAOlll or PAOllO 
arose by deletion, spontaneous reversion rates to loss of auxotrophy 
were determined. Point mutations have typical reversion rates around 
1 in 5 x 107. 
4-3-3-2 Method and Results 
Strain M2626, the Met strain (ATCC 10799, NCIB 8134, isolated by 
Davis & Mingioli, 1950 now to be refered to as 8134), the Lys~ Met 
strain PAOlll and the Lys Trp strain PAOllO were grown up in A 
medium to mid-exponential phase in the presence of 0.5% w/v glucose, 
supplemented with 0.2rnM of their required amino acids. The bacteria 
were harvested on a filter, washed twice with A medium, equilibrated 
to 37°C (Section 2-2-4). The cells were then resuspended in A medium 
9 -1 -1 to give approximately 10 cells ml and serially diluted from 10 
to 10-9 in A medium. Duplicate 0.1 ml aliquots from each dilution 
were plated out onto suitable agar plates containing all the required 
amino acids (to determine total cell counts); also onto plates 
lacking the am~no acid for which reversion was being tested, Plates 
were incubated at 37°C and observed after 24 and 48 hours. 
The presence of fast growing colonies on the plates lacking 
e.g. Met was taken as indicating spontaneous Met+ revertants. In 
both strains 8134 and PAOlll there was less than 1 revertant in 108 
cells (Table 4.4). However, with both strains there were minute 
transparent colonies on the minus Met plates. 
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Table 4.4 
Reversion Rates 
Lys Met Trp 
M2626 1 in 108 
PAOlll 1 1n 7 X 107 1 in 108 
PAOllO 1 1n 5 X 107 1 in 108 
8134 1 in 108 
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These were not visible by eye after 24 hours and they grew much more 
slowly than the colonies on the plates containing Met, although the 
numbers were essentially equal on both plates. These colonies were 
not revertants and it seems likely that the mutants were "leaky" 1.n 
that limited, very slow, growth occurred in the absence of Met; 
either, because the mutations were not complete or, possibly by 
synthesis of Met through an alternate pathway. This slow growth 
would not be a problem in the use of either the strain 8134 Met or 
for the double auxotroph PAOlll, Lys Met • for Met assays; especially 
by the B -galactosidase method. Care should be taken, however, not 
to subject the cells of either strain to excessive starvation periods 
prior to their use 1.n assays for Met. 
The frequency of reversion of the Trp-requiring strain to loss 
7 
of Trp auxotrophy was of the order of 1 1.n 2 x 10 , and for both 
double auxotrophs the frequency of reversion for loss of Lys 
8 
auxotrophy was approximately 1 in 10 (Table 4.4). 
4-3-4 Characterisation of Strain PAOlll Lys Met 
4-3-4-1 Growth Response to Met Precursors - Introduction 
The strain M2626 used to assay Lys has a mutational lesion 1n 
the gene coding for the enzyme of the last step in the Lys 
biosynthetic pathway and hence, no precursors of Lys substitute for 
the amino acid when the strain is used for assay (Section 3-1-1). 
In the same way, it is important to determine the position of the 
mutation conferring Met auxotrophy. A scheme for the biosynthesis 
of Met is given in l''li.guie 4·. 3 
FIGURE 4.3 
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4-3-4-2 Method 
The following Met precursors were tested: Cystathionine, 
Homocysteine~ Homoserine and Cysteine. (All were obtained from Sigma, 
London Ltd.~ except Homocysteine which was obtained from Koch-Light 
Ltd.). Solutions of each were made up at lOmM in distilled water 
and were filter sterilised. Strains 8134 (Met-), and PAOlll (Lys 
Met-), were grown up to mid-exponential phase in the presence of 
0.5mM Met. About 10 ml of the culture was harvested~ washed on a 
Millipore filter (Section 2-2-4)~ and resuspended in A medium to give 
ca 108 cells ml-1 . 0.1 ml Aliquots (ca 107 cells), were added to a 
series of sterile tubes containing A medium, 0.5% w/v glucose and one 
of the precursors or Met. Each of the precursors was tested at 
concentrations of 0.2mM, l.OmM and 2.0mM; except cystathionine for 
which only the two lowest concentrations were used. Met was tested 
at either 0.2ru1 or 2.0mM. Two sets of tubes were prepared~ one (A) 
being inoculated with strain 8134~ the other (B) being inoculated 
with PAOlll; in this case, 0.2mM Lys was also present in each tube. 
For each set, a control tube (minus Met or the precursors), was 
included. 
Tubes were incubated in a water-bath at 37°C with shaking (120 
-1 
strokes min ), and E660 values were monitored at intervals up to 
24 hours. E660 values for the control tubes were subtracted from 
the remaining tubes. 
4-3~4-3 Results 
For both strains there was some slight growth in the tubes 
without Met or precursors for about two hours, cells were growing on 
endogenous Met; after this no further growth occurred. 
13) 
No growth occurred on cysteine or homoserine at any concentration 
tested (up to a ten-fold excess of the Met concentration that 
supports good growth~ Fig. 4.4). Both strains behaved in an identical 
manner in that they were able to grow to a limited extent on 
homocysteine (Fig. 4.5), and cystathionine (Fig. 4.6). In both 
cases, growth at 0.2mM was less than would be obtained with this 
concentration of Met. The initial growth response was much slower 
than was found with Met; but after 8 hours both precursors were able 
to support good growth of these strains. Growth on these two 
precursors at 2.0mM being equivalent to growth on Met at 0.2mM. 
4-3-4-4 Discussion 
These results imply that the mutation ~n these Met-requiring 
strains is located ~n a gene coding for an enzyme before cystathionine 
synthesis. Compounds in the pathway up to this point could not act 
as substrates for growth. It is unlikely, however~ that cystathionine 
or homocysteine would occur significantly in digests of seed meals, 
biological fluids etc. Therefore, suitability of the strain to assay 
for Met ~s confirmed. 
In the paper describing the isolation of the Met strain 8134, 
Davis & Mingioli (1950), demonstrated its response to Met and B12 . 
They also tested for growth on Homocysteine and reported no growth 
~1 
after 72 hours in the presence of 40 1..1 g rnl (0 .14mM), of this 
compound, they did not examine response to cystathionine. The 
findings reported here show a limited growth response to cystathionine 
and homocysteine at 0.2rnM., but there was a higher growth yield in 
the presence of these two compounds at 1.0 or 2.0nW1. The apparent 
discrepancy in these results and those reported by Davis & Mingioli 
could be explained by the variation in concentrations used. 
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FIGURE 4.4 Growth Response Of Met-Requiring Strains To Met Precursors 
Growth of strain 8134~ Met-(A) and PAO 111 9 Lys-Met- (B) in the 
presence of Met or precursors 9 all at 0.2 mM.~~ 9 Met; 
&.!~ 9 Cystathionine; o-==o 9 Homocysteine;©-=@, Homoserine;~ 9 Cysteine. 
Control tubes (minus Met or precursors) were included and values 
subtracted from results. Tubes wE·re incubated at ?:7°C in a shakin9 
( . -1) d . water-bath 100- 120 strokes m1n P an· E660 read at stated t:tmes. 
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FIGURE 4.5 Growth Re-sponse Of Met-Requiring Strains To Homocysteine. 
Growth of Met~requiring strain 8134~ Met ~ (A) and PA0111~ Lys Met (B) 
in the presence of homocysteine at 2.0 mM 6,--_,;c. ; 1.0 mM ~ 
Experimental details as described in the text 
(section 4-3-4-2) and for figure 4.4. 
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FIGURE 4.6 Growth Response Of Met-Requiring Strains To Cystathionine 
Growth of strain 8134, Met , (A) ; and strain PA0111, Lys~Met- (B) 
in the presence of 0.2 mM 6---n and 1 .o mM o---o 
cystathionine.. Experimental details as described in text 
(section 4-3-4~2) and for Fig 4.4. 
1~ 
The higher concentration used here being 14.3 times that used by 
Davis & Mingioli. 
4-3=4-5 --~8~--G_a_l_a~c_t_o_s __ i_d_a~s~e __ A~s_s_a~y __ -__ R_e~s~p~o_n~s~e~t~o __ M~e_t __ P_r~e~c_u_r_s~o_r~s---_ 
Method 
A B-galactosidase assay was carried out using the standard 
- -procedure (Section 3-4). Cells of strains 8134 Met , and PAOlll Lys 
Met were grown up in the presence of 0.2mM Met to mid-exponential 
phase. After the standard washing, starvation of Met and induction; 
aliquots of cells were added to prepared tubes containing either Met 
or one of the precursors and protein synthesis was allowed to continue 
for 90 minutes. Cysteine and homoserine were assayed at final 
concentrations of 0.01 and 0.018mM, Homocysteine and Cystathionine 
were each assayed at 0.01, 0.018, 0.001, and 0.0018 mM and Met was 
assayed at 0.001 and 0.0018 mM (all final concentrations). O.OlmM 
Lys was present in all assay tubes used with strain PAOlll. All 
concentrations were assayed in duplicate. Zero blank values (minus 
Met or precursor), were subtracted from the E420 yield for each 
strain and results were plotted in graphical form (Figs. 4.7 and 
4.8). 
4-3-4-6 Results 
The results of the S~galactosidase enzyme assay were 1n 
agreement with conclusions obtained in growth tests. There was some 
response to cystathionine and homocysteine but this was less than the 
response to an equivalent concentration of Met (Fig. 4.8). When 
the concentration of these precursors was raised ten-fold then a 
higher yield was obtained~ the response to cystathionine and 
homocysteine at 0.02mM being about equal to that obtained from Met 
at 0.002mM. 
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FIGURE 4.7 Response Of Met Biosynthetic Precursors In B -galactosidase 
Assay. 
Response of Met-requiring strain 8134 9 Met (A) and PA0111, .Lys Met 
(B) to cystathionine t:s---l:;; ; homocysteine o---o ;homoserine ~ 
and cysteine D---O o Values shown were obtained after subtracting 
control (minus M~t or precursor). Enzyme was assayed by method 
described (section 3~). For further experimental details see text 
section 4-3-4-5. 
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8-galactosidase Assay Response To Methionine and Its 
Biosynthetic Precursors" 
Assay was carried out as described in previous figure 9 using strain 
8134 Met~ (A) and strain PA0111 Lys-Met (B)o Responses to 
Me to---o ; Cystathionine bi--~-~t:. and to Homocysteine o----o 
are shown after subtracting value from control (minus Met or 
precursors)" B -galactosidase was assayed by method described 1n 
section 3-4 
No response was obtained to Homoserine or cysteine up to O.OlmM 
but there was some detectable production of enzyme at O.Ol8mM. 
4-3-5 Characterisation of Strain PAOllO Lys Trp 
4-3-5-1 Growth on Precursor 
The biosynthetic pathway for Trp is given in Fig. 4.9. The only 
intermediate compound of Trp biosynthesis examined was anthranilic 
acid. Growth tube tests and S -galactosidase assays were carried 
out using analogous methods described for the Met precursors (see 
Section 4-3~4). Although anthranilic acid can be transported and 
utilised by Escherichia coli (Miller~ 1961), results (not shown), 
indicated that it could not replace the growth requirement of strain 
PAOllO for Trp, nor could it substitute in S -galactosidase 
synthesis (Fig. 4.10). Therefore, the mutation would appear to be 
in a gene controlling the last step of the biosynthetic pathway, 
between anthranilic acid and Trp. Hence, any metabolic precursors 
of Trp which may be present in cell extracts will not substitute for 
Trp. 
4-3-5-2 Examination of Part of Genome of Trp Isolates 
The oligopeptide permease (opp) locus maps at 27 min 1n 
Escherichia coli and this is close to various genes involved with 
Trp biosynthesis/transport (Trp A~ At, C, Cp, D~ E, Ea, Ee, Eo and 
Ep), (Bachmann & Brooks~Low, 1980). Therefore~ it was important to 
establish whether the opp locus was intact in the 3 Trp~requiring 
strains isolated~ in order that they could be used to assay for 
peptide bound Trp. The Trp- isolates were shown to have the 
ability to use the tetrapeptide Trp-Met=Asp-Phe-amide as the sole 
Trp source for growth and 
shown). 
s=galactosidase synthesis (results not 
FIGURE 4.9 BIOSYNTHESIS OF TRYP1DPPAN 
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8 -galactosidase Assay Response To Anthranilic 
Acid and Tryptophan. 
Response of strain PAO 110 to Trp (open circles) and to 
Anthranilic acid (closed circles). Cells prepared and enzyme 
assayed as described in Section 3-4. 0.2 mM Lys present in 
incubation mixture in both cases. 
8 ·-1 Cell density ca. 2 x 10 ml • For full experimental 
details see Section ~3-5-1. 
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However, it was still possible that this peptide might have entered 
through the third peptide permease (map position 86 min), and 
therefore alternative methods were tried in which resistance to the 
toxic tripeptide, triornithine (which exclusively uses opp), was 
determined. All 3 Trp auxotrophs were grown in the presence of Lys 
and Trp (0.2mM), approximately 108 cells were collected, washed and 
resuspended in A medium containing supplements as shown in Table 4.5. 
Tubes were incubated at 37°C for 24 hours after which time growth 
was noted. The results (Table 4.5), indicate that triornithine 
(Orn3) inhibited growth of the Trp auxotroph (later designated PAOllO), 
and therefore the opp locus was intact. Each of the other auxotrophs 
showed an identical response (results not shown). 
To check these results, a more sensitive test was used. This 
was based on the fact that the toxic tripeptide, Orn3 , inhibits 
protein synthesis, and thus, would prevent S -galactosidase synthesis 
in all but opp strains (where it is not taken up). Therefore, cells 
of each strain were grown up in the usual way, induced and incubated 
in the presence of 0.04mM Orn3 for'20 minutes. Aliquots of induced 
cells or induced cells plus Orn3 were added to tubes containing Trp 
and Lys and allowed to synthesise protein (including the induced 
S =galactosidase) for 90 minutes. The enzyme was then assayed in 
the normal way (Section 3-4), and S -galactosidase production was 
scored. Results (Table 4.6), showed that the strain, later to be 
designated PAOllO, produced B -galactosidase in the presence of 
Lys and Trp, but no enzyme was produced either in the absence of Trp, 
or in the presence of Orn3 , indicating that the cells were sensitive 
to Orn3 and their opp locus was intact. 
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Table 4.5 
Effects Of Triornithine On Growth Of Escherichia Coli Trp Auxotrophs 
Strain 
M2626 
M2626 
** PAOllO 
PAOllO 
PAOllO 
M2626 opp 
M2626 opp 
Growth Supplements * 
0.2mM Lys 
0.2mM Lys~ 0.2mM Orn3 
0.2mM Lys~ 0.2mM Trp 
0.2mM Lys~ 0.2mM Trp~ 0.2mM Orn3 
0.2mM Lys 
0.2mM Lys 
0.2mM Lys~ 0.2mM Orn3 
Growth Response 
+++ 
+++ 
+++ 
+++ 
* All tubes contained A medium and 0.5% w/v glucose 
** Results for other 2 Trp auxotrophs were identical 
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Table 4.6 
Response Of Two Trp Isolates And Parent Strain To Triornithine 
Lys Trp Lys Lys 
Trp Trp 
Orn3 
Strain 
Tl * 0 0 + 0 
Tl9 0 0 + 0 
M2626 + 0 + 0 
Amino acids and Orn3 supplied at 0.4mH. Aliquots of induced 
cells plus supplements~ as above~ were allowed to synthesise 
s-galactosidase for 90 minutes. The enzyme was then assayed 
by using the normal procedure and tubes were scored on a simple 
+ (enzyme synthesised) or (9 (no S -galactosidase produced) 
basis. Each test was carried out in triplicate. 
* Later designated PAOllO 
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TwD of the isolates. gave identical results in all tests; they 
were both derived from the same original flask of mutagenised cells 
therefore one was chosen for all subsequent work and designated 
PAOllO. 
4-3-6 Examination of Cell Extracts of PAOlll and PAOllO for 
Accumulation of Precursors 
In order to gather more information regarding the nature of 
their mutations, cell extracts of strain PAOlll and PAOllO were 
examined after dansylation. The cells were grown up in A medium 1n 
the normal way in the presence of their required supplements at 0.5mM. 
Samples, approximately 109 cells, were either washed to remove excess 
buffer salts and extracts were prepared immediately (Section 2-5-2), 
or they were washed, resuspended in the original growth medium minus 
one of the required amino acids and incubated at 37°C for 90 minutes 
with gentle shaking (80 strokes min-1). During this progressive 
starvation, samples of cells were removed and extracts were prepared, 
dansylated, spotted with marker amino acids and run as described 
(Section 2-4). Lys, Met and Trp precursors were also dansylated in 
the same way after first checking that subjecting them to the extraction 
procedure caused no chemical modification. 
Results showed that as cells were starved of a required amino 
acid (Lys, Met or Trp), it disappeared from the intracellular pool. 
As expected, a build up of the Lys precursor, diaminopimelic acid 
(DAP) was seen when M2626 was starved of Lys (Section 3-1-1 and 
3=3-5-1). 
1M 
None of the Met precursors tested (cysteine, homocysteine or 
cystathionine), was detected even when cell extracts were later 
added at a five-fold excess concentration but at this concentration 
the extracts did not run well and there was a great deal of 
interference on the plates at the positions where cystathionine and 
homocysteine would be expected to run. Although in the light of 
subsequent studies that showed some capacity of cystathionine and 
homocysteine to substitute for Met (Section 4-3-4), failure to detect 
a build up in their concentrations is hardly surprising. With 
hindsight, attention should perhaps have been focussed on cysteine 
and earlier precursors. 
As cells of strain PAOllO were starved of Trp this amino acid 
disappeared from the intracellular pool. Anthranilic acid (which 
runs close to His on dansyl plates), was seen to accumulate in Trp-
starved cells and no other spot increased in intensity. These 
results are compatible with the conclusion that the Lys Trp strain 
had a mutation affecting the last stage of the Trp biosynthetic 
pathway (tryptophan synthetase); and are 1n complete agreement with 
the conclusions from the growth response to the precursors (Section 
4-3-5-1). Hence, any possible precursors present in a digest are 
unable to substitute for Trp; the mutational locus therefore is 
ideally situated for a test organism. 
CHAPTER FIVE 
BETA-GALACTOSIDASE ASSAY RESPONSE TO 
OXIDISED FORMS OF METHIONINE: INFLUENCE 
OF PHYSIOLOGICAL STATUS ON OXIDATION/ 
REDUCTION OF METHIONINE SULPHOXIDE AND 
CLEAVAGE OF MET-QXIDISED PEPTIDES 
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5-l Introduction 
Diets in many parts of the world are poor in protein quality 
and quantity and the limiting amino acid of such diets (if they are 
not cereal based), is frequently Met (Cuq ~ al., 1973; Miller & 
Samuel, 1970). 
In recent years, there has been much attention paid to the 
reduction of nutritive value of foods resulting from food processing 
which may render many amino acids biologically unavailable (Section 
6-3-1), (Slump & Schrender, 1973). The chemical interpretation of 
these events is often unexplained or confused. 
Met may be partially S-oxidised to form methionine sulphoxide 
(Met(O)). This has been shown to occur in food proteins as a result 
of the action of oxidising lipids and hydrogen peroxide which is 
widely used in the food industry (Cuq et ~·· 1973). The latter has 
been shown to convert protein-bound Met to Met(O), (Ellinger & Palmer, 
1969; Slump & Schre~der, 1973; Snow et al., 1976). It is logical to 
expect that in the absence of a protective enzyme Met(O) would be 
found to occur naturally in food proteins through air-oxidation of 
Met. 
Nutritionally, Met(O) has been shown to have a lower 
availability than Met. The nutritional response to Met(O) is often 
reported as being variable, typically 60 = 100% that of free Met; 
young animals often showing a greater response than old ones, (Aymard 
-~ al., 1979; Anderson ~ al., 1976; Cuq et al., 1978; Miller & Samuel, 
1970; Njaa, 1962; Tuffnell & Payne, 1981). Since Met is the limiting 
amino acid of many diets, the nutritional implications of this are 
important. 
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Many examples of the loss of biological activity resulting from 
oxidation of Met residues are now known. Such oxidation may arise 
in vivo from the action of oxidising agents such as peroxides, 
hydroxy radicals, and superoxides (Varma~ al., 1977; Rowley & 
Halliwell, 1982). In the human lens, for example, one of the main 
differences between normal and cataractous lens proteins is the 
relatively large proportion (up to 60%), of methionine sulphoxide 
residues in the latter (Garner & Spector, 1980). Significantly 
perhaps, development of cataracts and nutritional status appear to 
be linked (Bhat, 1982; Brot & Weissbach, 1982). It has also been 
shown that the oxidation of Met in proteins may significantly affect 
enzymic activity. For example, RNA~ase, and subtilisin from 
commercial sources, loose 20 = 30% of their activity following 
oxidation of specific Met residues (Reiss & Gershon, 1978). Met 
oxidation in the cardiotoxin from snake venom has been shown to 
abolish its lethal effect (Louw & Carlssonp 1978), and the same 
chemical modification causes the inactivation of human a 1 ~proteinase 
inhibitor (Johnson, 1980; Carp~~·· 1982). Oxidation of Met is 
also implicated as one of the mechanisms that human polymorphonuclear 
leucocytes use to damage microorganisms (Tsan & Chen, 1980). 
For use in protein synthesis, Met(O) must first be reduced to Met: 
Met(O) reductase activity has been reported in various animal tissues 
such as HeLa cells, Tetrahymena pyriformis (Brat et ~·· 1981), rat 
tissue extracts (Ayrnard et al., 1979; Reiss & Gershon, 1978), surf 
clams (Kikuchi & Tamiya, 1981); in plants such as spinach and Euglena 
gracilis (Brot et al., 1981), and bacteria (Ejiri ~ al., 1979, 1980; 
Payne & Tuffnell, 1981). 
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In most cases the reductase has only been shown to act on free 
Met{O), although some evidence for the reduction of protein-bound 
Met{O) has been presented (Reiss & Gershon, 1978; Ejiri ~ al., 1980; 
Brat et ~., 1982). 
Recently, it has been reported that a Met auxotroph of 
Escherichia coli could utilise Met{O) in place of Met; this occurred 
through the action of a reductase, the activity of which was maximal 
in exponential-phase bacteria and which, declined in lag-phase cells 
(Ejiri et al., 1979, 1980). These reports appeared at essentially 
the same time that we were examining the response of the Met 
auxotroph PAOlll to oxidised Met residues using both growth tests 
and 8 -galactosidase assay. 
Met may also be completely S-oxidised to methionine sulphone 
(Met{02)). It is well documented that this compound has no biological 
activity and cannot satisfy the nutritional requirement for Met 
(Miller & Samuel, 1970; Anderson et al., 1976). There have been 
virtually no reports of the natural occurr~nce of Met(02) in proteins; 
in fact, the normal method for determination of the amino acid 
composition of proteins includes an oxidation step with performic 
acid so that all Met residues are determined as Met(02). As a result 
any Met(O) or Met(02) residues present in the native protein would 
not be detected as such, but would be presumed to have been Met. 
1~ 
5-2 Oxidation Of Methionyl Peptides 
5-2-1 Preparation of Methionine Sulphoxide Derivatives (partial 
oxidation) 
For all studies here 9 peptides and amino acids were purchased 
from Sigma (London) Ltd., B.D.H. (Poole), Phase Separations Ltd., or 
UniScience (Cambridge). 
Methionine sulphoxide derivatives were prepared by a modification 
of the method of Neumann (1972). 
1 ml of lOmM D-Met or a Met-containing peptide was equilibrated 
in a water bath at 30°C and 1M HCl was added to give a pH of 4.0 
4.5. 30 w L of 30% hydrogen peroxide was added and the solution was 
incubated for 30 minutes at 30°C with gentle agitation. The reaction 
was then stopped by the addition of 1M NaOH or 0.88 ammonia to 
neutralise. 
To remove excess H2o2 , the solution was placed 1n a desiccator 
attached to a water-pump to allow gentle degassing. Known volumes 
of the oxidised product were evaporated to dryness. The Met(O) which 
will be a mixture of two diastereoisomers was always contaminated 
with about 25% Met(02). It 1s not possible by this approach to 
prepare pure Met(O), (Fujii et al., 1978); more gentle treatment 
left some Met residues unoxidised. Therefore, a subsequent 
purification step was carried out using descending paper chromatography: 
1 ml of the sample was streaked onto the origin of Whatman 3MM paper. 
After running for 18 - 20 hours (descending), in a solvent of 
butanol : acetic acid : water : pyridine (75 : 15 : 60 : 50 by val), 
the paper was dried, the positions of the spots were identified by 
comparison with known standards, the strips were excised and eluted 
with 20% v/v aqueous pyridine solution. 
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0 Purified peptides were stored at -20 C. It was found that 75 -
80% of the peptide was eluted from the sheets and their concentration 
could therefore be approximately estimated. Exact concentrations 
were found following hydrolysis and use of the amino acid analyser 
(Sections 5-4-4 and 5-7-la). 
5-2=2 Preparation of Methionine - Sulphone Derivatives (total 
oxidation) 
Various methods have been described for the preparation of free 
or protein-bound methionine sulphone (Neumann et ~·~ 1961; Njaa. 
1962; Toennes & Kolb, 1941); they frequently involve oxidation with 
H2o2 at low pH. Many of these conditions are inapplicable here since 
they could hydrolyse the peptides. The following method was adopted: 
A solution of performic acid was prepared by the addition of 1 ml 
30% H2o2 to 9 ml 90% (aq) formic acid~ and the solutions were 
allowed to react at room temperature for one hour. The performic 
acid solution was diluted 1 in 10 with distilled water and 70 ~ b 
were added per ml of peptide (lOmM). This was allowed to react at 
0 pH 1.5 4 C for 18 hours. The solution was neutralised with 1M NaOH 
and purified by using paper chromatography as for the sulphoxide 
(Section 5-2-1). 
150 
5-3 Organisms And Culture Conditions 
5-3-1 Organisms 
The following strains of Escherichia coli W (ATCC 9637), were 
used: 
The Lys auxotroph M2626 Lys and its wild type revertant H2626 
+ Lys (Payne & Bell, 1979), together with the derived Met Lys 
auxotroph PAOlll. The Met auxotroph, NCIB 8134, isolated by Davis 
& Mingioli (1950), and extensively used for Met assays. The 
Escherichia coli Kl2 strain 4258 Arg, Leu, His, obtained from 
B. Bachman, Yale University, was also used. 
5-3-2 Media and Growth Conditions 
Growth media and incubation conditions were as described in 
Section 2-2-2, except where extracts were being prepared when the 
molarity of the medium was decreased to 0.05M to minimise buffer 
salts interfering with the running of the chromatograms. In such 
cases, the pH of each incubation was checked to ensure the buffering 
capacity of the medium was adequate. 
Lys- or Met-starved cells were prepared as described in Section 
2-2-5. Carbon~starved cells were prepared by harvesting exponential-
phase bacteria on a filter, resuspending the cells in normal growth 
medium minus carbon and then incubating at 37°C for 90 minutes. 
Because the Lys can act as a poor C source these experiments were 
carried out using strain M2626 Lys+ so Lys could be omitted. 
Stationary-phase cells were also used in certain studies, 
these being used after three successive 30 minute absorbance (E 660) 
readings were identical. 
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5-3-3 Chloramphenicol Treatment 
An exponential-phase culture was incubated for 60 minutes with 
-1 
250 ~g ml chloramphenicol to inhibit protein synthesis. At this 
concentration the chloramphenicol did not affect the fluorescent 
yield of the peptide during peptidase assays (Section 5-5). 
5-3-4 Preparation of Cell Extracts 
a) Permeabilised Bacteria: 
Permeabilised bacteria were prepared by freezing and thawing in 
the presence of Triton X-100 (Sections 2-5-4 and 5-7-lf). 
b) Broken Cells: 
Broken cells were prepared using a Soniprobe (Type 1130A), 
sonicator (Section 2-5-3). Protein content of cell extracts 
was determined with the Coomassie Blue Protein Assay (Section 
2-3-3). 
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5-4 Chromatography 
5-4-1 Dansyl Derivatives 
Dansyl derivatives of test compounds in incubation media and 
cell extracts were prepared and run as described (Section 2-4) 9 using 
ornithine and dansyl amide (ammonium) 9 as internal standards. 
5-4-2 Fluorescamine Derivatives 
A rapid qualitative measure of peptidase activity was obtained 
using thin-layer chromatography on cellulose plates (Section 2-6). 
5-4-3 Cellulose Thin Layers 
20 x 20 em glass plates were coated with cellulose powder 
(MN500, Machery & Nagel, Duren, Germany). or pre-coated plates were 
purchased from Merck. They were run in n-butanol : acetic acid : 
water : pyridine (75 : 15 : 60 : 50, by val). After drying, the 
plates were developed by spraying with ninhydrin : cadmuim acetate 
reagent. This method allowed the identification of Met 9 Met(02) and 
Met(O) from cleaved peptides or present in cell extracts or 
incubation media; they had Rf values of 0.6, 0.46 and 0.38, 
respectively. 
5-4-4 Automated Amino Acid Analyses 
Automated amino acid analyses of incubation media were performed 
as described (Sections 2-9 and 5=6-3) 9 using a Locarte auto analyser 
on a standard long-column (6 hour) run. 
5-4=5 Discussion 
The methods described above, which enable the separation of Met 
from its oxidised forms and the separation of Met=oxidised methionyl 
peptides, were used to study these compounds in media incubated with 
either whole cells or cell extracts of varied physiological status. 
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In this way it was possible to study their uptake and hydrolysis 
and to observe the appearance in the medium of cleaved amino acid 
residues as a result of exodus. 
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5-5 Peptidase Assays. 
To measure peptidase activity~ a computer-linked~ automated 
fluorescamine assay was used to continuously measure peptide 
concentration in the media (Section 2-7), using a reaction pH of 6.2 
(6.8 measured at the waste outlet). With whole cells this is strictly 
a measure of peptide transport, for this is the rate limiting step 
in bringing substrate in contact with intracellular peptidases. 
However, for net uptake to continue rather than reaching an 
equilibrium, peptide must continuously be cleaved within the cell. 
Thus, a convenient measure of the minimum peptidase activity in vivo 
is obtained. This is particularly useful with oligopeptide substrates, 
for their intermediate peptide cleavage products do not appear in the 
incubation medium where they would contribute to the fluorescence and 
lead to underestimates of cleavage rates. 
Controls were run to determine the fluorescence yield from the 
peptide, its component amino acids, the cells, buffer or any other 
substance present in the reaction mixture (e.g. chloramphenicol). 
Sometimes, as an alternative to continuous monitoring, samples were 
also removed periodically from incubations with whole cells or cell 
extracts and examined by using thin-layer chromatography. In this 
way, the cleavage products could be identified and semiquantitative 
measures of hydrolysis rates obtained (Section 5-4-3). 
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5~6 Results And Discussion 
5-6-1 Growth Assays 
The Met-requiring strains (8134 and PAOlll)~ both showed equal 
growth rates and growth yields for L-Met and L-Met{O). (Fig. 5.1); 
D-L Met(O) gave half the growth yield of the L-isomer. No growth 
was observed without Met or with Met(0 2); and the presence of Het(02) 
did not affect the response to the utilisable substrates (results 
not shown). These results support those of Ejiri et al .• 1979, who 
used an Escherichia coli Kl2 Met auxotroph (2276). 
Strain PAOlll also utilised Leu-Met(O). Met(O)-Ala and Ala-Met(O) 
as Met sources to give equal growth with that on free Met{O) (Fig.5.2). 
No growth was obtained with Leu-Met(02). Met(02)-Ala or Ala-Met(02) 
and neither were they inhibitory to growth on Met. These observations 
extend those of Ejiri et ~ •• (1979). and indicate that Escherichia 
coli must contain peptidases able to cleave peptide-bound Met(O) 
residues C.Fl~l . 5 .1). The overall results of the growth tests 
·~ 
indicate that Met(O) can substitute equall~ for Met and that 
(iOtlo~ $'.') 
reductase(s) active on free Met(O).~and/or peptide-bound Met(O), are 
Based on the results of these growth assays. it therefore 
appeared a simple and routine matter to apply the B -galactosidase 
procedure to the oxidiscd Met substrates to confirm their relative 
nutritional values. In fact 9 such studies sho\'11ed this not to be so. 
the situation to be complex and the findings novel. 
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FIGURE Sol Utilization of Methionine Sulphoxide For Growth 
By Strain PA01ll" 
Growth response to 0 o04 mM L-methionine ~; 0 o04 mM L-methionine 
sulphox:i.deQ==-0 ·and OoOB mM D,L-methionine sulphoxide ~ 
Bacteria were grown in minimal medium A supplemented with ·0~1 mM Lys 
and containing Oo5%v/v glucose; incubated at 37°C with shakingo 
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FIGURE 5.2 Utilization Of Methionine-Sulphone ~1d Methionine-
Sulphoxide-Containing peptides For Growth By 
E.coli PAO 111 
All peptides were at 0.04 mM~ Met(02 ) was at 0.08 mM. 
·~ Met(02 ) 
~~ Leu-Met(O) 
(1)--0 Met (0)-Ala 
~ Ala-Met(O) 
158 
TABLE 5.1 
Rate Of Cbnversion Of Met(O) To Met. 
Exponential Cells 
Time Of Incubation With 
Met(O). 
(0.1 mM) 
5 min 
15 min 
3) min 
60 min 
Rate Of Reduction Of Met(O) 
to Met. _
1 
_
1 (n mol min mg protein 
2.146 
1.007 
0.775 
0.416 
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5-6-2 8 -Galactosidase Assays 
When the routine 8 -galactosidase procedure (Section 3-4)~ in 
which bacteria are depleted of their reserves of essential amino 
acid by 90 minutes starvation~ before enzyme induction. was applied, 
Met(O) was found to support only about 60% of the enzyme synthesis 
obtained with an equivalent amount of Met (Fig. 5.3). Similar results 
were obtained with Met{O)-Ala and Ala-Met(O). Met (02) and peptides 
containing Met(0 2) were without activity in the enzyme assay, in 
agreement with the conclusions from the growth tests. To try and 
understand further the basis for the decreased enzyme yield (60%) 
from Met(O) kinetic assays of enzyme synthesis were performed (Fig. 
5.4). These showed initial rates to be the same for both Met and 
Met(O) and prolonging the protein synthesis time failed to give a 
relatively higher yield of enzyme with Met(O). It appeared, 
therefore, that the decreased enzyme yield in the standard assay did 
not arise because of a slower rate of synthesis perhaps arising 
from a slow reduction step. 
We next studied the effect of varying the starvation period on 
the response to Met(O). Figure 5.5A shows that as starvation 
proceeds, a decreased amount of enzyme is synthesised from endogenous 
Met sources; and after 75 minutes. these are virtually exhausted. 
When constant Met was added at different times throughout a 90 minute 
starvation a steady net yield of S~galactosidase was obtained. 
being the sum of the residual endogenous level and the added Met 
increment (Fig. 5.5B). In contrast, the same procedure with Met(O) 
gave a decreasing net yield of enzyme when the starvation period 
was varied which reached about 60% that of Met after 90 minutes 
starvation (Fig. 5.5B). 
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FIGURE 5.3 8 -galactosidase Synthesis in Response to Methionine 
and Methionine Sulphoxide. 
Various concentrations of L~methionine~; L-methionine 
sulphoxide[J~ 9 and (at twice the concentration) D.L -
methionine sulphoxid~~ • Enzyme was assayed by normal procedure 
(section 3.4) in the presence of 0.5% w/v glycerol. 2 x 107 
cells were used for each assay. enzyme synthesis was for 90 min; 
O.lmM o~nitrophenol gave E4 ? :: 0.45. 
-0 
Enzyme incubation was for 30 min. 
1·5 
OS 
0 
FIGURE 5o4 
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Kinetic Assay Of S -galactosidase Synthesis In 
RE-.·sponse To Methionine and l\1ethionine Sulphoxide. 
15 ml of Met-starved cells (8134) were added to tubes containing 
S ml 0.004mM Meto---o , 5 ml 0.008mM D,L-Met(O) D----o , or to 
2.~ml o£ ea.ch of the c..IX>v<~ solutions~. Duplicate 
samples were removed at stat<:d times and S ·-g3.lactosidase assayed 
in the normal way (Section 3-4) 
1·0 
0·8 
0 0·6 N 
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60 80 
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162 
1·0 
0·8 
0 0·6 N 
........ t
w 
0·4 
0·2 
0 20 40 
Starvation time 
60 80 
(min) 
FIGURE 5.5 Effect of Starvation Period On Efficiency Of Methioni::c 
Sulphoxide Utilisation For Enzyme Synthesis In E. coli PAOlll. 
A Bacteria were starved of Met for various periods; 0.16 nrnol of 
either Mete>--o or L~met (0) .4===ib was added and the yield of 
B -galactosidase was measured; @'<~ is the unsupplemented control. 
B Net enzyme synthesis on supplementation with Metg-~ or with 
L-met (0) Q--=o-D ; ( data derived from A). 
B 
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That is, as cells became progressively starved their relative 
utilization of Met(O) decreased from 100% that of Met in unstarved 
cells to about 60% after 90 minutes starvation. One possible cause 
for decreasing yield of Met(O)=dependent enzyme synthesis during 
starvation could be that starving Escherichia coli for an amino acid 
produces conditions whereby Met(O) is partially modified into a 
derivative that cannot be converted to Met. If this is the case, 
the derivative could possibly be detected within the cells or the 
incubation medium. 
5-6-3 Incubations of Whole Cells With Met(O) 
Exponential-phase cells of PAOlll and 8134 (approximately 109), 
and cells in different stages of starvation were incubated in A 
0 
medium containing 0.5% w/v glucose at 37 C with gentle shaking with 
O.lrnM (final concentration), Met(O) and at 15 minute intervals 2 ml 
samples were removed and cell extracts were prepared by boiling 
(Section 2-5=2). These were dansylated and examined on polyamide 
sheets (Section 2-4). In every case a derivative appeared in the 
boiled cell extracts that corresponded to dansyl-Met and no other 
significant new derivative was detected. When the medium from these 
same incubations was examined, continuous uptake of Met(O) was 
demonstrated, from exponential and starved cells. As intracellular 
reduction of Met(O) occurred, excretion of Met took place followed 
later (20 minutes), by its gradual reabsorption. To demonstrate the 
effect of incubation of starved cells with Met(O) approximately 1011 
cells of the Met auxotroph 8134 were first washed in A medium then 
1 
resuspended in 9 ml fresh A medium, at ! 10 dilution, cont~ining 
0 0.075% w/v glucose for two hours at 37 C to starve of Met prior to 
the addition of 1 ml lmM Met(O) (O.lrnM final concentration). 
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5-6-4 Incubation of Sonicated Cell Extracts With Met(O) 
Exponential phase or Lys starved cells of M2626 were suspended 
in O.OlM potassium phosphate» pH 7.0 buffers after harvesting on a 
-1 filter (Section 2-2-4), to give an E660 of 2.2 (1 mg ml protein). 
Cells were sonicated (Section 2-5-3), and lOrnM Met(O) was added 
to the sonicated cell extract to give a final concentration of 2rnM. 
The mixture was incubated·at 37°C for 90 minutes; at zero time, 30, 
60 and 90 minutes 1 ml aliquots were removed. 1 ml 10% TCA was 
added to each sample and after chilling on 1ce for 15 minutes, 
centrifugation and lyophilisation (with NaOH in desiccator), extracts 
were resuspended in half original volume and examined on cellulose 
thin layers as described in Section 5-4-3. 
Met was produced by both preparations being more extensive from 
exponential-phase cell extracts, whereas Met(02) was only demonstrated 
in the incubation with starved bacterial extracts. Thus, endorsing 
the results obtained with whole cells (Fig. 5.6 ). 
5-6-5 General Discussion 
These results endorse the conclusions of Ejiri ~ al., (1979, 
1980)» that Met(O)-reductase activity is greater in exponential-
phase bacteria and decreases 1n starveqjstationary-phase bacteria. 
However, our demonstration of a concomitant oxidation of Met(O) to 
Met(02) could make measurement of reductase activity, by the 
procedure of Ejiri~ misleading. The nature of the oxidation of 
Met(O) to Met(02) described here implies that it is enzymically 
mediated, since it shows a stereospecific preference for 1-Met(O). 
Furthermore, all incubations were carried out at pH 7, whereas to 
obtain chemical oxidation of Met(O) to Met(0 2) a low pH (approximately 
2.0), and strong oxidising agents (e.g. performic acid), are 
required. 
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FIGURE 5.6 
r~eduction and Oxidation Of Methionine Sulphoxide By Sonicated 
and Exponential-Phase Bacteria and Lysine Starved Cells (M2626). 
A 
-1 Sonicated bacteria (1mg protein ml ) in 10mM K 
phosphate buffer pH 7.0 were incubated with 2 mM L-Met(O) at 
0 
:?>1 C. At the indicated times (min) samples were removed, 
treated with 10% w/v trichloracetic acid and the supernatant 
solutions lyophilised prior to examination on cellulose thin-
layers. 
B Sonicated 9 lysine-starv(~d bactEria were incubated 
with L-, or D-Met(O) as cescribed above. Rf values were 0.60, 
0.46. and 0.38 .for Methionine, lvlet(02 ) and Met(O) respectively. 
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When the medium from these incubations was examined at intervals up 
to about 90 minutes~ using dansylation as described for exponential 
cells, there was a reduced appearance of Met in the medium and an 
additional component appeared (being approximately 10% that of ~1et), 
this chromatographed to the position of dansyl-Met(0 2), (Fig. 5.6A). 
When D-Met(O) was used as the substrate (other experimental conditions 
being as described for L-Met(O))~ there was a marked decrease 1n 
production of the compound that chromatographed with Met(02), but 
less change in the degree of conversion to Met. 
To gain support for this provisional identification of dansyl 
Met(02 )~ further incubations were carried out so that the media 
could be examined using an automatic amino acid analyser (Section 
2-9). To obtain these samples for the analyser~ 9 ml of 2 x 109 
cells ml-l of strain 8134 (either exponential-phase or starved of 
Met for 2 hours and resuspended in 1110 A medium plus 0.075% w/v 
glucose~ as before)~ were incubated at 37°C with shaking (120 strokes 
min-1), in the presence of O.lmM (final concentration) Met(O). 
Duplicate 1 ml samples were taken at zero, 5~ 10~ 15~ 30 and 90 
minutes. 400 1-1 L aliquots of each sample were evaporated down for 
the amino acid analyser. These were resuspended in 500 W L pH 2.3 
-1 buffer and 10 f-1 L nor Leu (2. 5 w mol ml ) standard was added 
(Section 2-9~2). Met, Met(O) and Met(02) were identified and 
quantified - these three compounds elute at 77-78, 32-33 and 
37=38 minutes, respectively. A typical analyser trace is shown in 
Figure 5.7. In certain cases other amino acids present are seen to 
be undergoing exodus but during a 90 minute incubation Met(02) was 
.I d f 15 1 d -l h-l shown to be prouuce at an average rate o n mo mg ry wt 
by Met-starved 8134 (Fig. 5.8). 
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FIGURE 5.7 Amino Acid Analyser Tracem 
. 9 ·-1 9 ml of 2 x 10 cells ml were incubated in the presence of 
0. 1mM Met ( 0) and samples were taken and run on analyser (long run); 
Trace A = exponential cells incubated with Met(O) for 90 min 
Trace B = Met-starved cells treated in same way. 
Elution times: Met 77-78 9 Met(O) 32-33 and Met(02 ) 37-38 mins. 
See section 2-9 for details of analyser runs and section 5-6-3 
for further details of this experiment. 
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Reduction and Oxidation of L-Met(O) by Exponential-Phase 
and Met-Starved E. coli 10799 (8134). 
Met(O) was added to exponentially-growing bacteria (full lines) and to 
cells starved of Met for 90 min (broken lines) and samples of the 
incubation media were removed at the indicated times and examined 
on an automatic amino acid analyser: /J 9 6 9 L-Met(O); 
0 9 0 9 Met; 0 , Met(02 ). 
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Although peroxides and superoxides are believed to accumulate in 
ageing and starved cells and these could be implicated in these 
oxidations, on balance the evidence seems to be against their 
significant involvement. 
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5-7 Cleavage Of Peptide-Bound Met(.O) And Met(02) 
It has been shown (above results and Ejiri ~ al., 1979, 1980), 
that Escherichia coli produces a Met(O) reductase, active on free 
Met(O) and that the activity of the enzyme(s) decreases in starved/ 
stationary-phase bacteria; in starved cells we also demonstrated 
that there is in addition, a marked production of Met(02) from 
Met(O) in vivo. 
Strain PAOlll grew on Leu-Met(O), Met(O) Ala and Ala-Met(O); as 
readily as on Met (Fig. 5.2), indicating that the cells must either 
hydrolyse the peptides and then reduce the cleaved Met(O) and/or 
first reduce the Met{O) and then cleave the peptides. There was, at 
this time, some evidence in the literature for reduction of protein-
bound Met(O) (Brot et al., 1981). However, the search for enzymes 
able to cleave peptide-bound Met(O), (and Met(02)) residues had 
not been reported, and we examined Escherichia coli therefore, for 
the presence of such activities. 
5-7-1 Methods 
a) Quantitation of Peptide Substrates 
Various Met-containing peptides with the designation X-Met, 
X-Met(O), X-Met{02), Met-X, Met(O)-X and l1et(02)-X- where X is an 
amino acid; were prepared as described (Sections 5-2-1 and 5-2-2). 
These were purified using paper chromatography and run on cellulose 
thin-layers to confirm their purity and to find their approximate 
concentrations from the intensity of their ninhydrin derivatives. 
Samples (containing approximately 500 n mol) were hydrolysed and 
50 n mol portions were examined on the automatic amino acid analyser 
to determine their exact concentration (Hydrolysis procedure and 
controls were as described in Section 2=9-2). 
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Because the hydrolysis procedure converts some Met(O) to Met(02), 
it was not possible to find the concentration of Met(O) containing 
peptides from the Met(O) component - the calculations to determine 
concentration were therefore based on the other amino acid residue. 
Valine {5 ~1, 20mM) was added to the tubes prior to hydrolysis to 
provide a measure of overall recovery. During these analyses the 
0 peptides were stored at -20 C~ once their exact concentrations were 
known they were evaporated and reconstituted in sterile distilled 
water to give a known concentration (lOmM or lmM depending on 
quantity present). 
b) Cell Strains 
Cells used were: M2626, 8134 and PAOlll, either exponential-
phase, or starved of Lys (M2626) or Met (8134, PAOlll). In other 
-1 
experiments, cells were treated with chloramphenicol (250 ~ g ml , 
90 minutes), (Section 5-3-3), which it was demonstrated, inhibited 
growth (protein synthesis); controls showed that this concentration 
of antibiotic does not affect the fluorescence of peptide substrates. 
Additionally~ stationary~phase cells, resulting from acidification 
of the growth medium, were used. Nitrogen-starved cells were 
+ prepared using the revertant M2626 Lys • 
c) Preparation of Cells for Assays 
For transport assays using the fluorescamine procedure, the 
suspension buffer (0.05M potassium phosphate, pH 7.2 containing 0.05% 
w/v glucose and 0.5rnM NH4Cl), was used, both to wash the cells and 
to resuspend the cells for assay. This same buffer was used as the 
blank to determine fluorescent yields of the peptides or blank yields 
(cells or extracts minus peptide). 
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Exponential-phase cells were grown up in A medium plus 0.5% 
glucose plus O.lmM required amino acid(s) 9 and collected, washed 1n 
the suspension buffer plus supplements, as above and used immediately. 
Where amino acid starved cells were required they were washed as 
above, resuspended in A medium minus their required amino acid 
supplement plus 0.5%w/v glucose for 2 hours incubation at 37°C prior 
to collection, washing and resuspension in the potassium phosphate 
buffer as described for exponential cells. Lys 9 at O.OSmM, was 
always present for Met starved PAOlll. Where nitrogen-starved cells 
were required, M2626 Lys+ was used and the resuspension buffer did 
not contain ammonium chloride. Stationary-phase cells were grown 
in A medium plus 0.5% w/v glucose plus O.lmM required amino acid(s), 
and were used after three sucessive 30 minute E660 readings were 
identical. Chloramphenicol-treated cells were prepared as described 
(Section 5-3-3). 
d) Conditions for Fluorescamine Assay With Cell Suspensions 
Fluorescamine assays were as described in Section 2-7. O.OSM 
suspension buffer pH 7.2 and O.lSM phosphate citrate reaction buffer, 
pH 5.9 were used~ giving a reaction pH of 6.2 (6.8 as measured at 
effluent). -1 Fluorescamine was present at 0.5 or 0.1 mg ml (in 
isopropanol), the concentration depending on peptide concentration 
or reactivity. Typically» SO ·~ L of lOmM peptide was added to 9.95 
ml cells (ca 108 ml-l) in suspension buffer or equLvalent 
concentration of permeabilised or sonicated cell extracts (see part 
(f) -this Section). 
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In order to measure cleavage (transport) over a prolonged time 
(up to 30 minutes)~ the incubation medium was initially assayed for 
about 2 minutes~ the incubation was continued but not monitored for 
15 - 20 minutesp after which the medium concentration was again 
measured. It was not usually feasible to assay continuously over 
this period since under the conditions described the 4 ~ m filters 
blocked in ca 7 minutes~ or 20 minutes if glass fibre (Whatman GF) 
filters were used. 
e) Cellulose Thin-Layer Chromatography 
Cleavage of peptide-bound Met(O) and Met(02) was confirmed 
using cellulose thin-layer plates (prepared and run as described in 
Section 5-4-3). Exponential-phase, and Lysine-starved M2626 were 
incubated at a concentration of ca 109 ml-l in 0.5 ml SOmM potassium 
phosphate buffer,pH 7.0, containing 100 n mol peptide. At intervals, 
samples were removed and supernatant solutions (0.05 ml) were 
examined, after centrifugationp (Haemotocrit microcentrifuge 12,000 
r.p.m., 10,000 g) and lyophilisation on cellulose thin layers using 
butanol : acetic acid : water : pyridine (75 : 15 : 60 : 50 v/v) 
solvent and developed as described in Section 5-4-2. 
f) Permeabilised Cells 
8 -1 5 ml of ca 5 x 10 cells ml were washed and. resuspended in 
phosphate buffer (5 mlp O.lM, pH 7.2) 20 )AL of 2.5% Triton x~100 
was added. The mixture was then frozen in liquid air for 5 minutes~ 
0 
stored at -20 C for about 30 minutes, and placed in a water bath 
0 
at 37 C for 10 minutes to thaw; this procedure was then repeated. 
The efficiency of permeabilisation was checked initially by using 
treated cells in a S ~galactosidase assay in which the normal 
disruption step (using the method of Putnam & Koch, Section 3-3-5-3) 
was omitted. 
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Permeabilised cells were shown to produce markedly more 
B-galactosidase than untreated control cells~ therefore the substrate 
must have entered the cells demonstrating that the treatment was 
effective. Therefore, permeabilised cells were routinely prepared 
in this way using 0.5% v/v Triton in cell suspensions of ca 5 x 108 
-1 
cells ml • After treatment~ permeabilised cells were collected by 
centrifugation. For peptidase assays the pellet was resuspended in 
0.4 ml 0.05M phosphate buffer, pH 7.2, 100 ~ L peptide (lOmM) was 
added. At 30 minute intervals, 2 x 0.05 ml samples were removed and 
examined directly, initially by using paper chromatography using 
butanol : acetic acid : water : pyridine 75 : 15 : 60 : 50 as a 
solvent, and in subsequent experiments using cellulose tlc after 
treatment with 10% TCA. followed by centrifugation (Haematocrit 
microcentrifuge; 12,000 r.p.m .• 10,000 g) and lyophilisation {Section 
5=4=3). 
5-7-2 Results - Hydrolysis of Met(O) Peptides 
Rates of transport.for the peptides listed were measured and 
-1 
expressed inn mol min mg protein (Table 5.2). In whole cells 
peptides are actively transported to reach the intracellular 
peptidases and uptake is the rate limiting step (Payne, 1980b), s~nce 
assays were continued for 8 - 10 minutes, or som~times transport was 
measured at the begining and end of a 20 - 25 minute period; and 
transport continued throughout, the transported peptide must be 
metabolised. In agreement with this, no intracellular accumulation 
of intact peptide could be observed using the dansyl=labelling 
procedure and, as expected, rapid exodus of the cleaved amino acid 
residues occurred. 
Table 5.2 
Influence Of Physiological Status On Methionine Peptide Cleavage By Escherichia Coli 
Peptide Exponential Stationary Lysine- Chloramphenicol- Methionine-
phase phase starved treated starved 
MetAl a 26 - 25(17) 
Met(O)Ala 27(21) - 19(22) 
Met(02)Ala .3(2) 18 21(13) 30 27 
MetLeuGly 25 16 28 - 24 
Met(O)LeuGly 16 16 15 14 
Het(02)LeuGly 2 21 28) 36 23 
AlaMet 15 - 13 - 11 
AlaMet(O) 16 - 12 
1-' 
AlaMet(02) 4 - 5 - 6 
-...) 
()\ 
LeuMet 27 - - - 28 
LeuMet(O) 15 - 11 - 11 
LeuMet(02) 2 - 2 - 2 
Rates are expressed in nmol/min/mg protein. 
Values in parentheses are for permeabilised cells. 
- Not determined. 
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The rates of cleavage of all the Met(O) peptides tested were 
high and comparable with the analagous Met peptides. There was no 
significant difference between exponential. stationary or starved 
cells. These rates of hydrolysis imply either a rapid reduction of 
peptide-bound Met(O) followed by cleavage by normal peptidases or 
the presence of peptidase(s) active towards }~t(O) residues. To 
try and distinguish between these possibilities the cleavage products 
were examined by using thin-layer chromatography. To minimise 
possible reduction of Met(02). cell extracts were made of Lys-starved, 
M2626 (no requirement for Met. sonicated cells). and they were 
incubated with Met(O) Ala. The incubation medium was sampled 
periodically and examined and Ala. Met(O) and Met were detected. 
This confirmed the presence of peptidase activity towards Met(O) 
residues. 
5-7-3 Cleavage of Met(02)=Containing Peptides 
Since Met(02) is not utilised by Escherichia coli. no 
information on possible cleavage of Met(02) peptides had been 
obtained from growth tests using Met auxotrophs (Section 5-6-1). 
However. direct peptidase assays using whole cells were possible 
with peptides containing Met(02). (Table 5.2). They showed that 
exponential-phase bacteria have low activities towards peptides 
containing Met(02) but hydrolysis of Met(02)=X peptides increased 
about ten=fold in stationary phase bacteria. in auxotrophs starved 
for Lys or Met and in chloramphenicol=treated cells. A sample 
trace showing cleavage of Met (02 )=Leu~Giy by cells starved of Lys 
is given (Fig. 5.9). 
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FIGURE 5.9 Sample Trace Showing Met(02 )-Leu=Gly Cleavage By Lys-Starved 
Cells of M2626. 
=1 Fluorescamine cone = 0.5 mg ml ~ 0.18. Time between 
arrows ~ 5.33 min. Numbers on trace represent fluorimeter rea(ling. 
Calculated rate in this case ~ 36.09 nmol . -1 m1n . -1. mg prote1n 
Another trace of uptake of this same peptide is given in Chapter 2 9 
Fi~Jurr· :? .4 (pa~w 70). 
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This general conclusion was confirmed using thin-layer chromatography 
to examine cleavage of Met(02)-Leu-Gly by broken cell extracts (Fig. 
5.10). The photograph shows that Met(02) is released from Met(02)-
Leu-Gly, together with Leu-Gly. Leu and Gly. on incubation with a 
broken cell extract of Lys-starved bacteria but cleavage is markedly 
less with exponential-phase bacteria. Following this finding. a 
growth test was set up using Escherichia coli Kl2 strain 4258 Arg. 
Leu, His, and response to free Leu and to Met(02)-Leu-Gly as Leu 
sources was measured. Both supported growth although the rate was 
faster on the amino acid (Fig. 5.11). The ability of the strain to 
grow on Met(02)-Leu-Gly as a Leu source confirms the presence ~n 
vivo of Met(02)-X peptidase activity. This conclusion has 
subsequently been confirmed using other Met(02)-containing peptides 
and other auxotrophs (J.W. Payne, personal communication). 
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FIGURE 5.10 
Cleavage of Met (02 )LeuGly By Permeabilised Exponential-Phase 
and Lysine-Starved Cells Of E.coli M2626. 
Bacteria at 5x108 ml-1 were permeabilised, resuspended at 
5x109 ml-1 in 0.5 ml of 50mM K phosphate buffer pH 7.0 
containing 100 nmol peptide and incubated at 37°C for the 
indicated times. After centrifugation the supernatant solutions 
were lyophilised and examined on cellulose thin-layers. Rf 
o.sb 
values were 0.68, 0.60,1'0.45 and 0.35 for Leu, Met(02 )L!2uGly, 
LeuGly, Met(02 ) and Gly respectively. 
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FIGURE 5.11 Comparison Of Strain 4258 Arg- Leu- His- On L~u 
Or Met(02 )-Leu-Gly As Sole Source Of Leu For Growth. 
Cells were grown (A medium, 0.5% glucose, 0.5mfVi a.mino acids 
to exponential-phase. 
8 Col 1 ected an :1 wasl..._ed an J ca. 10 cells 
W(-·re add•':'d to tubes c:ontaining 0.1 mM peptide~ A p C. i mlvJ 
Leu~ or no Leu source c---o. Ir. <'1ll cases His and Arg WPre 
added at 0.1 mM. 
Tubes were incubah'd at 37°C with sl:aking (100 strokes per min) and 
each was aerated for 30 sec every hour since this strain grows 
poorly on defined media. 
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5-8 Concluding Discussion 
It is interesting that exponential~phase and starved 
Escherichia coli exhibit different utilisation and oxidation/ 
reduction patterns of Met(O); this could perhaps be analogous to the 
differential response of young and old animals to Met(O) as a dietary 
source of Met (Aymard ~ al., 1979; Miller & Samuel, 1970; Anderson 
et al., 1976; Cuq et al., 1978; Njaa, 1962). 
-- --
There is a well documented increase in oxidation of protein-
bound Met that accompanies ageing (Reiss & Gershon, 1978; Garner & 
Spector, 1980); this could be an indirect effect resulting from a 
decrease in activity of a methionine-reductase and/or an increase 
in an oxidising species. 
The ability of starved cells of Escherichia coli to convert 
Met(O) to Met(02) seems on the face of it to be disadvantageous since 
Met(02) cannot be used as a Met source for growth by Escherichia coli 
(it has been reported (Tonzetich, 1976) that oral plaque microflora 
can metabolise Met(02) to methyl mercaptan, dimethyl sulphide and 
dimethyl disulphide but at a slower rate than Met(O)). However, the 
Met(02)-X cleaving activity that has been demonstrated to occur when 
Escherichia coli is under this same physiological stress could be a 
means of recovery of amino acids that are present in peptides/proteins 
containing Met(02) residues. It is known that these same stress 
conditions trigger enhanced and specific intracellular proteolysis 
but the actual mechanism of the stimulation is unclear (Pine, 1980). 
-------
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Clearlyp it is an interesting speculation arising from the work 
described that certain Met(02) residues produced in specific surface 
positions on proteins or at specific places within the primary 
sequence may provide cleavage sites to initiate enhanced proteolysis; 
subsequent hydrolysis would involve the cells known complement of 
proteases and peptidases (Hermsd~rf & Simmonds, 1980). Alternativelyp 
cleavage at a Met(02) residue could provide a regulatory mechanism 
to modify the activities of existing enzymes associated with 
proteolysis in vivo. Further discussion of this topic is given in 
Payne & Tuffnell, 1981, and Tuffnell & Paynep 1981, but clearly 
further work is needed to determine whether protein-bound Met(02) and 
Met(O) residues can be cleaved. 
Recently, increasing evidence on the effect of oxidative changes 
on susceptibility to proteolysis have appeared. Thus, oxidative 
inactivation of glutamine synthetase of Escherichia coli has been 
shown to precede proteolysis and catalase has been shown to block 
this oxidative modification step (Levine~ al., 1980; Goldberg & 
Boches, 1982). 
The B -galactosidase Met assay, using PAOlll or 8134P employs 
cells starved of Met for a 90 minute period. The response to any 
Met(O) residues present in the test samples would therefore be 
decreased to about 60% of the equivalent Met value. In virtually 
all cases this should not be a significant problem because Met(O) 
is not normally a significant constituent in proteins (Aymard et al •• 
1979; Reiss & Gershon, 1978; Garner & Spector, 1980). However, in 
certain assays of processed foodstuffs, a significant proportion of 
Met might possibly be present as Met(O) or even Met(02). 
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Because of its metabolic inertness there is no microbiological or 
growth assay for Met(02); if it were felt necessary the 
S-galactosidase assay could be modified for determining Met(O) by 
using cells that were not Met-starved, but merely washed to remove 
exogenous Met from the growth medium. This would give rise to higher 
blank values and the range of concentrations over which a response 
could be measured would thus be decreased. 
Another approach, that has not been examined here would be the 
chemical reduction of protein-bound Met(O) to Met. Snow et al (1976), 
reported that bisulphite solution could be used to convert free Met(O) 
to Met in aqueous solution over a pH range of 1.0 - 9.0 but whether 
the reduction of protein-bound Met(O) groups occurs in the same way 
was not studied. The chemical reduction of Met(O) in peptides and 
proteins has been reported by Houghten & Hao Li (1979). 
An alternate approach is to assay the Met(O) present separately 
and to correct the total Met values obtained accordingly. Njaa (1980), 
reported a chemical method for determination of unoxidised and total 
Met in protein concentrates using an iodoplatinate reagent (Met(O) 
does not react under the chosen conditions), then repeating the 
determination after reduction of the sample with titanium chloride; 
Met(O) values can then be obtained by difference. This is faster 
than the normal methods which involve chromatography of digests 
before and after reduction (Cohen et al., 1979). These same authors 
describe a non-destructive means of analysis of Met(O) in protein by 
13c h . NMR tee n1ques. 
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Another technique uses the property that Met(O) peptide bonds are 
not cleaved by the cyanogen bromide reaction that converts Met 
residues to cs, ~®.e:~o~e.{Savige & Fontana~ 1977). Further details 
of enzymic assays for Met in food proteins, digests and biological 
fluids are described in Chapter 6. 
CHAPTER SIX 
RESULTS OF ASSAYS FOR AVAILABLE LYSINE 9 
METHIONINE AND TRYPTOPHAN 
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6-1 Effect of Enrichment on B -Galactosidase Lysine Assay 
6-1-1 Introduction 
In order to examine the possible effects of the presence of 
additional nutrients on the assay for Lys, Lysine assay medium (Difco, 
Detroit,code number B422), was used. This is a rich, defined medium 
containing various nutrients, vitamins and co-factors but excluding 
Lys (see Table 6.1 for composition). In later work, methionine or 
isoleucine assay media were used (code numbers B423 and B437). These 
have the same composition as Lys assay media but exclude Met or Ile 
-1 
respectively and include a final concentration of 0.5 g L L-lysine 
hydrochloride when reconstituted as recommended. 
6-1-2 Methods and Results 
The assay media were used at dilutions such that the final amino 
acid concentration would be of the same order as that likely to be 
present in a seed protein mixture. The recommended concentration of 
the media for the cultivation of Leuconostoc spp. is 10.1 g 100 ml 
~1 
water and the medium was usually used at a fifty or hundred-fold 
dilution of this value. Where Lys was added it was at a final 
concentration of 0.02 or 0.06mM (low and high Lys respectively). 
In later experiments where Met or Ile assay media were used they 
-1 
were diluted so that the Lys they contained (0.5 g 1 when 
reconstituted as above), was present at a final concentration of 
0.02mM. 
The Lys in the Met and Ile assay media was determined by using 
M2626 and the standard S-galactosidase assay with various 
modifications. 
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Table 6.1 
Composition Of Difco Lysine Assay Medium Formulation Per Litre -
At Recommended Concentration 
(Data taken from Difco Handbook 9th editionp 1953) 
Bactodextrose 
Sodium acetate 
Ammonium chloride 
j)ij...-Ala 
L-Arg HCl 
Bacto-Asn 
L-Asp 
L-Cys 
L-Glu 
Gly 
L-His HCl 
j)l:-Phe 
L-Pro 
jl.=Ser 
j).l.-Thr 
j)L-Trp 
L-Tyr 
j)~Met 
.()1..-Ile 
j)L-Leu 
50g 
40g 
6g 
0.4g 
0.484g 
0.8g 
0.2g 
O.lg 
0.6g 
0.2g 
0.124g 
0.2g 
0.2g 
O.lg 
0.4g 
0.08g 
O.Sg 
O.Sg 
O.Sg 
O.Sg 
Adenine sulphate 
Guanine HCl 
Uracil 
Xanthine 
Thiamine HCl 
Pyridoxine HCl 
Pyridoxamine HCl 
Pyridoxal HCl 
Ca panthothenate 
Riboflavin 
Nicotinic acid 
p-aminobenzoic acid 
Biotin 
Folic acid 
Monopotassium phosphate 
Dipotassium phosphate 
HgS04 
Ferrous sulphate 
Hangan&u~ sulphate 
Sodium chloride 
0.02g 
0.02g 
0.02g 
0.02g 
O.OOlg 
0.002g 
0.006g 
0.006g 
O.OOlg 
O.OOlg 
0.002g 
0.002g 
0.000002g 
0.00002g 
1. 2g 
1.2g 
0.4g 
0.02g 
0.02g 
0.02g 
W9 
In one experiment the possible effects of catabolite repression 
by the glucose in the assay media was studied; exponential phase 
cells were harvestedp starved and induced (as standard method), and 
eitherp added immediately to tubes containing g1ycero1p Lys (0.02mM 
-1 
and 0.06mM), and various volumes of 2.02 mg ml assay media or 
preincubated with glycerol for 30 minutes and then added to the assay 
media. 
In both cases samples were removed periodically and 
S -galactosidase was assayed. Fig. 6.1 shows that where there was 
simultaneous addition of inducer and assay medium (which contains 
Bacto=Dextrose), lower levels of s-ga1actosidase were produced and 
the response of the added Lys was masked. However, when cells were 
induced for 30 minutes in glycerol prior to addition to the 
incubation mix, the effects of added Lys were apparent. This 
difference is compatible with catabolite repression mediated by the 
glucose in the assay medium (Fig. 6.2), see also (Section 3-3-2-1). 
To examine the possibility that other substances in addition to 
glucose in the assay media might also be repressing the synthesis of 
B-galactosidase, experiments were performed in which instead of 
adding induced cells to assay media both immediately and after 30 
minutes induction, uninduced cells were added at these times to 
minimal media containing glucose at the concentration present in the 
-1 diluted assay media (1 mg ml ). Glycerol (0.5% v/v)p was present 
and duplicate assays were carried out at high (0.06mM), and low 
(0.02mM), Lys concentrations (Fig. 6.3 A & B). The results were 
essentially similar to those obtained previously (Fig. 6.2) 0 
supporting the idea that the low enzyme synthesis seen when cells 
were added to enriched medium immediately after induction did indeed 
arise from the presence of glucose in the assay media. 
190 
A. 
C) 1·6 
N 
UJ...,jj' N() 
1·2 
1·0 
0·8 
. 0·6 
0·~ 
0·2 
20 w 60 80 100 120 140 160 
Tim~ (min) 
~ 1·6 8. 
N 
~ 1·/o UJ 
1·2 
Hl 
0·8 
0·6 
O·lo 
o.z 
20 kO 60 801001201b0160 
Tim~ (min} 
FIGURE 6.1 Effect 0£ Glucose In Assay Medium On Response To Lysine 
2 x 108 cells (M2626} were collected in exponential-phase 9 starved 
and induced irmnediatelyo Lys at either 0.06mM(A) or 0.02mM(B} 
was added together with either minimal medium Q='{) 9 or Lys 
-1 
assay medium ~ 9 ( 15 m:J- 9 2 o02 mg ml in 30 ml total vol) and 
at indicated times 2 ml samples were removed and 8 -galactosidase 
was assayed using the method in section 3-4. 
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Effect Of Enrichment On Inchlced Cells 
A. 
8 Approximately 2 x 10 cells were grownp starved of Lys and induced for 
20 min as in normal procechlre. The induced cells {M2626) were 
=1 then added t© either minimal mediu~===QP or to 2.02 mg ml Lys 
assay medium6=-==ug plus either O.OtmM (A) or o.o~ mM (B) Lys. 
At stated times samples were assayed using the standard method 
as in section 3-4. 
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Effect of Glucose On ~galactosidase Synthesis. 
Approximately 5 x 108 cells of M2626 were induced and immediately 
added to Lys at 0.02mM (A) or 0.06mM Lys (B) in the presence of 
0.05% v/v glycerol 0==0 ~ or 0.5% v/v glycerol + 0.015% w/v 
glucose ['F-c~--0 At stated times samples were removed and the 
enzyme was assayed by the normal method0 section 3-4. 
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To avoid possible problems of catabolite repression caused by any 
glucose that might be present in digests it is necessary to induce 
the cells for about 20 minutes (Fig. 6.4)P prior to addition to the 
digest sample. Since 20 minutes induction prior to addition of 
glucose removed any catabolite repressionp longer induction periods 
were not examined. As a further check for the possible presence of 
inhibitors in the assay media a recovery experiment was carried out 
in which Lys was assayed at various concentrations (0.02 - 0.0002mM)p 
either alone (i.e. minimal medium)p or supplemented with 5 ml 2.02 
-1 
mg ml Lys assay media in a final volume of 25 ml. It can be seenp 
(Fig. 6.5), that the presence of enrichments in the assay media does 
not interfere with the Lys assayp and it may be concluded that no 
inhibitors are present in the assay medium. 
6-1-3 General Conclusions 
The results show that provided cells are fully induced prior to 
their addition to test nutrientsp the synthesis of B -galactosidase 
by M2626 is solely dependent on the Lys present; other nutrients 
present at concentrations that might occur in test digests do not 
significantly alter the response. 
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FIGURE 6. 4 Effect Of Induction Time On B -galactosidase Synthesis. 
8 -1 30 ml of ca. 5 x 10 cells ml (M2626) were grown in Lys and 
starved by the normal procedure. 15 ml samples were then induced 
for 15 o==Qor 20 o==o min before the addition of Lys and at 
stated times samples were removed and fj -galactosidase was 
assayed by the normal method. 
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Effect Of Enrichments On Lysine Assay 
Ooncentrations of Lys were assayed by normal method (section 3-4) 
using M2626? either alone~ or in the presence of Lys 
. ( . -1) assay media f1nal cone = 0.404 mg ml 0 0==o. Cells were grown 
in normal way? starved of Lys and induced for 20 min prior t9 
their addition to the two test media. 
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6-2 Effect of Hydroxylysine on S -Galactosidase Assay For 
Available Lysine 
6~2-1 Introduction 
The enzymic defect in M2626 precludes other biosynthetic 
precursors from substituting for Lys but it was important to 
determine whether other Lys derivatives might satisfy the cells 
requirement for this amino acid; the only potentially important 
derivative is hydroxylysine. 
It has been reported (Carpenter~ al., 1964; Hartley et al., 
1965), that the presence of o -hydroxylysine caused overestimates in 
the assay of Lys with Leuconostoc mesenteroides P60. Hydroxylysine 
is found in gelatine and collagen, being formed by oxidation at the 
~carbon of lysyl residues in these proteins. It was important to 
determine whether hydroxylysine could be used as a source of free 
Lys for the synthesis of S-galactosidase. 
6-2-2 Methods and Results 
A s-galactosidase assay was carried out as already described 
(Section 3-4), with either free Lys (0.002mM- O.lmM final 
concentration), or o -hydroxylysine (0.004 - 0.02mM), or mixtures of 
both compounds up to a maximum of a ten-fold excess of hydroxylysine. 
Because the o -hydroxylysine was a mixture of D,L and DL-allo isomers 
it was used at two-fold equivalent concentrations of L-Lys. These 
studies showed that hydroxylysine could not satisfy the requirement 
for Lys (data not shown), and furthermore, at the ratios tested (up 
to a ten-fold excess), it did not have any inhibitory effect or a 
sparing effect for Lys (Fig. 6.6). 
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Effect Of Addition Of o -Hydroxylysine On 
Response To Lysine. 
B. 
To duplicate samples containing Lys at either 0.0002mM (A) or 
0.002mM (B) was added varied concentrations of hydroxy-lysine 
and resultant B -galactosidase was assayed by using the standard 
·method. 
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Thereforep the presence of hydroxylysine will not interfere with 
the determination of Lys by the S ~galactosidase assay. This 
conclusion is similar to the finding of Lindstedt (1953)p who showed 
that hydroxylysine was unable to promote growth in rats. The 
evaluation of various N~substituted lysines as nutritional sources 
was considered to be outside the scope of the present study. For 
details of the utilization of ~~N and E =N substituted lysine 
derivatives in a rat growth assay see Finot et al., 1978. 
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6-3 Assessment of Heat Damage to Available Lysine 
6=3=1 Introduction 
The Mailliard reactions in foods in which sugar aldehyde groups 
react with free amino groups causing non-enzymic browning are well 
known (see reviews by Bender, 1978; Carpenter and Booth; 1973). The 
reactions usually cause undesirable effects such as changes in colour, 
solubility or reduced digestibility and hence~ decreased biological 
availability. It has been suggested (Bender, 1971; Adrian, 1974), 
that certain Mailliard compounds may be toxic. 
The reactions leading to the format~on of Mailliard products 
are well documented (Feeney et al., 1975; Finot, 1973), although 
certain aspects still remain unclear. Carpenter & Booth (1973), 
studied the rate of loss of reactive amino groups at different 
temperatures and presented the data in the form of an Arrhenius' 
plot. The activation energy (E) for Mailliard reactions has been 
-1 quoted as 31.2 Kcal gmol (Bailey & Ollis, 1977). (For comparison, 
=1 the values are 50 and 100 Kcal gmol for cell or spore destruction 
respectively). Other factors such as the presence of metal ions, 
pH, moisture content etc., also affect Mailliard reactions (Kata 
et al., 1981). 
Much of the research into Mailliard browning has been carried 
out with the aim of trying to control the process. The most common 
type of damage is that which occurs when Lys reacts with reducing 
sugars, and although there may be conco~ttant damage to other amino 
~ 
acids such as Met (Ford & Salter, 1966), and Trp (Finot ~~., 1982), 
damage to Lys can be used as an index of the severity of processing. 
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Because Lys is limiting in most cereals and the sulphur amino acids 
(Met+ Cys)~ are limiting in most other foods, it is clearly 
important to prevent damage to these particular amino acids. 
The effect is not limited to foods containing a large proportion 
of carbohydrate. Damage occurs if high protein meals or fish muscle 
are heated excessively (Bjarnson & Carpenter, 1970; Ford & Sharrock, 
1971; Miller et al., 1965; Sharrock & Ford, 1978), although both are 
essentially carbohydrate free. The damage is accompanied by a 
decrease in the E -amino groups of Lys. Model systems e.g. egg 
albumin/glucose (Tanaka et al., 1977), or casein/glucose (Osner & 
Johnson, 1974, 1975), have often been used for these studies but 
although commercial casein, for example, contains several distinct 
proteins, foodstuffs are more complex. D~mmer, 1971 showed a heated 
casein-glucose mixture lost Arg, Thr, His, Ile in that order, as 
well as Lys but when milk was subjected to the same treatment only 
Lys was lost. 
Bjarnson & Carpenter (1969, 1970), have studied possible ways 
of preventing Lys losses during heating, drying and storage of food 
proteins, for example, by prior acylation. In particular, formylation 
was studied (Hurrell & Carpenter, 1978). It is common to add sulphite 
or so2 to foods to retard non-enzymic browning. However, there are 
objections to the use of these compounds and recent evidence (Robbins 
& Baker, 1980), indicates that although Lysine-sulphite may be 
resistant to Mailliard reactions it nevertheless is nutritionally 
unavailable. A further aspect of the problem is that not only are 
the complexes themselves unavailable but they may also interfere with 
the absorption of other nutritional compounds. 
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For example, reduction of protein quality by Mailliard-type reactions 
can occur to a certain extent even at room temperature, e.g., during 
food storage, but there is a marked acceleration of damage by heat 
(Lea & Hannan, 1949). There is disparity in figures quoting fall 
' in digestAbility after various heat treatments; for example, some 
workers have suggested that milk suffers no damage on heating 
whereas others (Drrmmer, 1971), have reported losses in Lys. However, 
milk proteins are limited by S-amino acids and it may be that 
biological assays might well not reveal small Lys losses unless they 
were carried out under conditions where Lys was made limiting, e.g., 
by supplementing the diet with other essential amino acids. 
Chong-Min Lee et al (1977), reported competitive inhibition of 
the absorption, in vitro and in vivo of Trp by fructose-tryptophan. 
Hornet al (1968), reported that fructose-methionine promoted growth 
of Leuconostoc mesenteroides P60 with 80% of the efficiency of pure 
Met, although the same compound was totally unavailable to the rat. 
Both of these are Amadori compounds formed by reactions of sugar 
and amino acid residues. Although amino acids will be liberated 
from these complexes by acid hydrolysis they are not expected to be 
cleaved by digestive enzymes; hence, the bound amino acids will be 
nutritionally unavailable. The effects of Mailliard complexes on 
amino acid availability have been discussed (Finot et al., 1982; 
Erbersdobler, 1976, 1977). 
Foods undergo a variety of treatments during manufacture to 
preserve, to improve taste and to add variety, and because heating 
is often involved, a reduction in amino acid availability is likely. 
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It was important therefore, to determine if the S -galactosidase 
assay responded to changes in amino acid content after typical heat 
treatments. In carrying out these studies we focussed specifically 
on Lys. 
6-3~2 Materials 
Met and Ile assay media were described in Section 6-1~1. Casein 
hydrolysate Type I and Casein enzymic hydrolysate (both from milk), 
were obtained from Sigma. 
6-3-3 Methods 
a) Casein hydrolysate 
In a previous study (Payne~ al., 1977), the Lys content of an 
acid hydrolysate of casein was assayed using a growth test with 
M2626. This same substrate was assayed here using the modified 
B -galactosidase procedure (Section 3-4); because casein hydrolysate 
is essentially free of any carbohydrate, it was chosen to investigate 
the effect of heat on proteins. -1 Samples containing 5 to 0.5 w g ml 
of acid - or enzymically~digested casein were assayed as normal 
(Section 3-4), and the concentrations of Lys in each sample was 
calculated. Controls in which additional Lys was added to the digest 
were included in the assay to check for the possible presence of 
inhibitors; no interference was detected. 
To study the effects of heat treatment, 10 ml of each casein 
-1 digest, 10 ~g ml was added to 25 ml scre~capped medical flats 
and autoclaved (15 p.s.i., 15 minutes). These heated samples were 
then assayed for Lys and compared with the results of the untreated 
controls. Results are given in Table 6.2. The enzyme and acid 
=1 hydrolysates contained 0.064 and 0.065 g Lys g digest respectively. 
After heating there was a mean decrease of 4.7% in the available 
Lys in the enzymic digest and a 6.2% decrease in the acid digest. 
Table 6.2 
Assay Of Lys In Casein Hydrolysates 
Sample Cone. Test Solution Lys Content . -1 Mean g Lys g D1gest ( lJ g ml) JJ g ml-1 
Enzymic 5.0 0.30 0.06 
hydrolysate 
2.5 0.153 0.061 0.064 
1.0 0.07 0.07 
Acid 5.0 0.29 0.058 
hydrolysate 
2.5 0.182 0.073 0.065 
1.0 0.063 0.063 
!\) 
0 
UJ Enzymic 5.0 0.29 0.058 
hydrolysate 
heated 15 p.s.i •• 2.5 
15 minutes 
0.15 0.060 0.061 
1.0 0.065 0.064 
Acid 5.0 0.29 0.058 
hydrolysate 
heated 15 p.s.i •• 2.5 0.153 0.061 0.061 
15 minutes 
1.0 0.065 0.064 
Each value is the mean of 4 determinations 
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b) Assay Media 
Met and Ile assay media both contain defined quantities of Lys 
and carbohydrate; when reconstituted as recommended (10.1 g 100 ml-1 )~ 
-1 -1 
these are 0.5 g Lysine hydrochloride 1 and 50 g dextrose 1 • 
They are used here to study the effect of heating when Lys was present 
together with carbohydrate. Samples of assay media at various 
concentrations were subjected to several different moist heat 
treatments including 
(i) Heating stock solutions (10.1 g 1-1) at 15 p.s.i. 15 min. 
(ii) -1 ~1 Heating solutionsp 1.01 g 1 and 0. 505 g 1 , at 15 p. s. :i.. 
for 15p 30 and 40 min. 
(iii) Heating 1. 01 and 0 • 50 5 -1 solutions of assay media at g 1 
10 p. s. i. for 10 min. on two successive days. 
Each treatment was carried out in duplicate and controls were 
included in which known amounts of Lys were added to heat-treated 
samples to check for the possible formation of products that might 
interfere with the assay. In other controlsp various amounts of Lys 
were also added to the assay media before heat treatment (15 p.s.i.~ 
15 min.). 
In all cases the pH of the test solutions were checked before 
and after autoclaving and were found to be unaffected by the heat 
treatment. Samples were diluted with O.lMP pH 7.0 bufferp as 
necessary prior to assay for Lys by the B ~galactosidase method 
(Section 3~4). The protocol of a typical experiment is given in 
Fig. 6. 7. 
Figure 6.7 
Typical Scheme For Study Of Heating Effects 
Met or Ile assay medium 
(various dilutions*) j Autoclave known --~--------------~ ,;:>---~----J.f Temp/Time** 1 ~ 
Dilute {d assay + L~s + Lys 
for Lys content (known increments) (known increments) 
~ ~!~~;\~~d Lys i 
Assay ior total Lys content ~ 
Assay same 
concentration 
of Lys alone 
Dilute and assay 
for Lys and 
added Lys 
* Variables (see Section 6-3-3(b) for details) 
** 
Samples assayed by S -galactosidase (Section 3-4) 
tv 
0 
iJ1 
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6~3~4 Results and Conclusions 
Results of the untreated co~trols were in agreement with those 
obtained using Lys assay medium (Section 6-1)» and confirmed that 
the presence of carbohydrates» amino acids, vitamins and various 
co~factors in the medium did not alter the response to a given amount 
of Lys. When a 10.1 g 1-l dilution of assay media was heated at 
15 p.s.i. for 30 minutes it became straw coloured, although when 
diluted as required for use in the B -galactosidase assay (usually 
a further 1t 20), it had negligible absorbance at 420 nm and did not» 
therefore, interfere with the measurement of a -nitrophenol. 
Duplicate samples (with and without various heat treatments)» 
were assayed at several (at least 5), Lys concentrations. Graphs 
were plotted of volume of sample v E420 and by using least squares 
analyses the gradient (m) and intercept (c) were calculated (See 
Appendix 1 for worked example). From these the percentage decrease 
in Lys caused.by the various heat treatments could be calculated. 
A considerable decrease in the Lys-dependent B-galactosidase 
synthesis occurred as a consequence of these heat treatments. 
Fig. 6.8 shows that when samples of Met and Ile assay media (both 
. -1 
at 10.1 g 1 ), were autoclaved at 15 p.s.i. for 15 minutes they 
suffered a 54% and 53% decrease in available Lys, respectively. 
The concentration of the mixture affected the degree of Lys loss 
-1 (Fig. 6.9)» thus with 10.1, 1.01 and 0.505 g Met assay medium 1 , 
autociaved at 15 p.s.i. for 15 min. the percentage Lys loss was 56, 
50 and 37, respectively. 
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FIGURE 6.8 Effect Of Autoclaving On Lysine In Assay Media. 
Met (A) and Ile (B) assay media were assayed at 1/200 dilution 
-1 (0.0505 g 100 ml ) before heat treatment~ 1/10 dilutions 
were heated 15 min at 15 psi~ cooled~ diluted to 1/200 and Lys 
again assayed~. Graphs show 54% decrease (A) and 53% decrease in 
Lys (B). Corresponding losses when samples were heated at 1/20 
dilution were 51% (Met assay medium) and 49% (Ile assay medium) -
data not shown. 
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FIDURE 6.9 Effect Of Autoclaving At Different Dilutions 
Sampl~ of Ile assay media were autoclaved at stated dilutions 
and diluted to 1/200 for s~galactosidase assay. Lys content of 
control = 100% 9 Lys losses : 1/200 = .17% 9 1/20 = 50% and 1/10 = 56%. 
Cbntrols not shown; results are based on mean values from 8 
individual assays. For carbohydrate content at each dilution see text. 
209 
Finallyp it was demonstrated that the degree of damage to Lys 
depends on the severity of heat treatment. Table 6.3 shows the 
effect of heating identical samples at 15 p.s.i. for 10 minutes for 
one or two cycles was a 5.7% and 7.3% drop in Lys respectively; 
whereas, the percentage Lys decrease after heating at 15 p.s.i. for 
30 or 40 minutes was 25.9 and 26.6 respectively. 
It appears thereforeP that Escherichia coli behaves like other 
biological systems in that reactions resulting from heating can 
affect Lys availability. This conclusion is significant in relation 
to the handling of samples prior to 6 -galactosidase assay. For 
example, assay material should not be sterilised by heat. However, 
one of the advantages of the method described is that it can be 
completed in a short time and therefore samples do not need to be 
sterilised prior to assay to prevent bacterial degradation of the 
material. 
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Table 6.3 
Summary - Effect Of Heat Treatments On Available Lysine Content 
In Assay Media 
Percent decrease in available Lys a 
Treatment 10.1 b 1.01 b o.sosb 
Standard 15 min., 54 51 
15 p.s.i. 
53c 49c 
10 min., 
X 1 
10 min., 
X 2 
30 min., 
X 1 
40 min., 
X 1 
a 
b 
c 
56 50 37 
10 p.s.i. 5.7 
10 p.s.i. 7.3 
15 p.s.i. 25.9 
15 p.s.i. 26.6 
Each value is the mean of at least four determinations 
Concentration of assay medium (g 1-1) in heated sample 
Ile assay medium all others are Met assay medium 
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6=4 Response of Auxotrophic Strains to Peptides 
6=4=1 Introduction 
Before attempting to analyse the enriched materials for Met 
and Trp it was important to determine the response of the mutants 
to peptides containing these residues. Therefore, assays were 
carried out to determine whether peptide-bound residues gave the 
same enzyme yields as equivalent amounts of the free amino acids 
and to determine if the assays were similar kinetically. 
6=4-2 Purity of Peptides 
50 n mol of each of the peptides listed below were dansylated 
and run on polyamide sheets. This grossly overloaded the plates but 
since less than 1 n mol can be detected it could be demonstrated 
that in each case there was less than 2% of any free amino acid 
contaminant. Peptides tested were Met 2 p Met-Ala=Ser, Met~Leu, 
Met=Leu=Gly, Trp-Leu, Leu-Trp and Ala=Trp. Also Ala2 and Ala3 were 
used in competition studies. 
6-4-3 Methionyl Peptides 
a) Assay Response 
B =galactosidase assay was carried out using the strain PAOlll 
(Lys- Met=), with Met, Met2, Met-Leu-Gly, M~t-Ala-Ser and vari~us 
concentrations of Met and Met 2 together as substrates. The kinetics 
of B =galactosidase production for various Met and Met 2 concentrations 
were also determined. The results show that equivalent enzyme yields 
are obtained from equivalent concentrations of Met, Met2 and other 
methionyl peptides (Figs. 6.10 and 6.11). 
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FIGURE 6.10 Assay Response To Methionine and Methionine Peptides. 
Response of strain PA0111 (Lys=Met-) to : 
A Met o===u 9 Met~Leu=Gly 6===6 ? Met=Leu ()-====() • 
B Met2~ • Cells were· ~Yown to exponential-phase 9 washed 9 
starved of Met for 90 min and the enzyme was assayed by the normal 
. 
procedure .( section3=-4) • 
FIGURE 6.11 
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Kinetics 0£ B-galactosidase Synthesis By Strain PAOlll 
With Met and Met Peptides. 
E.coli PAOlll was grown~ washed~ starved £or Met as in previous 
figure. Cells were then incubated in the presence o£ A : 
0.008 rnM Met@-==@ 9 0.08 mJVl Met=Ala-Ser ~ 9 (this peptide 
was subsequently found to be contaminated). .In figure B? 
0.004 mM Met ? 0.002 rnM Met2 o-=o P 
o---o 
0.002 rnM Met + 0.003 rnM Met ~ 2 
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b) Competition for Uptake (Methionyl-peptides) 
In digests, biological fluids, etc, there will be many 
substances present including peptides and free amino acids. In 
principle, therefore, it is possible that competition for uptake 
by peptides lacking the amino acid being assayed could slow down the 
rate of uptake of peptides containing the essential amino acid and 
hence increase the time needed for a complete response to say a Met-
containing peptide. To establish the relative levels at which this 
effect might become significant, cells of PAOlll Lys Met were 
grown up, starved and induced in the normal way (Section 3-4). 
Samples were then added to tubes containing a Met source alone or 
plus excess of a high-affinity peptide (Ala2 or Ala3). At various 
time intervals, duplicate 2 ml samples were removed and 
S -galactosidase was assayed. Initially, Ala2 and Ala3 were each 
present at a five-fold excess, and neither affected either the rate 
of enzyme synthesis, or the final yield of enzyme (Fig. 6.12). 
Subsequently, 25, 50 or 100-fold excesses of either Ala3 (Fig. 6.13), 
or Ala2 (Fig6ol4 A and B), were used with Met or Met peptides. In 
both cases a 100-fold excess of the Alanine peptide was necessary to 
markedly affect enzyme yields. 
6-4-4 Tryptophanyl-Peptides Competition for Uptake 
Experiments described in the above section with Met peptides 
were repeated with the Trp-containing peptides Leu-Trp-Ala-Lys, 
Trp-Leu and Ala-Trp, and the strain PAOllO. Calibration curves of 
enzyme yields obtained with Trp and equal concentrations of these 
peptides were identical (results not shown). The effect of Ala2 on 
the response to Trp-containing dipeptides is shown in Fig. 6.15. 
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FIGURE 6o12 Competition Of Ala2 and Ala3 On Uptake Of Met and Met2 
o 
A Response of strain PAOlll to Met ~· &ld Met
2
@'--=@ 
B Response of same concentration of cells to equal concentrations 
of Met but in the presence of five=fold excesses of Ala
2 
~ 
or Ala3 ~-o@ o 
C As B above but With Met2 and five,,fold excess o:f Ala2 
and Ala
3
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Effect Of Ala3 On Assay Of Met In Met-Ala-Ser 
Using Strain PA0111~ Lys-Met-o 
60 
Met or peptides were added to induced cells ( cao 107 ml-1 ) P 25 ml 
total volumepand incubated at 37°C with shaking (100 strokes min-l)o 
At stated times samples were removed and B -galactosidase assayed 
by standard procedure (section 3=4) o Met ~ P Met-Ala-Ser 6--===6 P 
Met-Ala-Ser + 25-fold excess Ala 3o--u P Met-Ala-Ser + 100-fold 
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Effect Of Ala2 On Assay For Met In Met2 
Using 
Strain PA0111 9 Lys Met " 
Met2 alone or together with Ala2 was added to induced cells 9 
7 =1 0 
caa 10 ml p 25 ml total volume and incubated at 37 c with 
gentle shaking" At stated times samples were removed and 
B=galactosidase was assayed by the normal method (section ~4)" 
l\1et2 @---={11 9 Met2 + 10 -foldp excess Ala2 6-={J 9 Met2 + lOO=fold 
excess Ala2 ~ 
2·8 
2:k 
2·0 
1·6 
0·8 
0 10 
FIGURE 3ol4B 
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Effect Of Ala2 On Assay For Met In Met=Gly Using 
Strain PA0111 Lys Met 
Peptides were added to flasks containing induced cells (cao 107 ml= 1 )~ 
25 ml total volume and incubated at 37°C with gentle shakingo At 
stated times samples were removed and assayed for 8 -galactosidase 
by standard method ( section3-4) • Met-Gly ©----0 ~ Met-Gly + 10-fold 
excess Ala2 ~ P Met-Gly + 50-fold excess Ala2 o-==o P Met-Gly + 
100-fold excess Ala21 ~Qc~~ b 
2:lo 
0 2·0 N 
~ 
1·6 w 
i·2 
0·8 
0·4 
2·4 
0 2·0 N 
~ 
1·6 w 
1-2 
0·8 
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FIGURE 6.15 
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Effect Of Ala20n Assay For Trp In Trp-Leu and 
Ala-Trp Using Strain PAOllO, Lys-Trp-. 
7 -1 Peptides were added to flasks containing induced cells (ca.lO ml )
9 
25 ml total volume and incubated at 37°C with gentle shaking. At 
stated times samples were removed and assayed for 8-galactosidase 
bg standard method (section 3=4). (2 Trp=Leu ~ 9 Trp-Leu + 100-fold 
excess Ala2 ~ P Trp-Leu ? SOO~fold excess Ala2 o====o 
_!! Ala~Trp ~ P Ala~Trp ? lOO~fold excess Ala2 ~ 9 Ala-Trp + 
500-fold excess Ala2 ~ • 
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Although there was only slight competition between Met2 and a 100-
fold excess of Ala2 this concentration showed a greater inhibition 
with Trp dipeptides reflecting the varied affinities of the peptides 
in question. 
6~4-5 General Conclusions 
These results show that an excess of at least 25-fold, and 
typically 100-fold, of high affinity peptides is required to cause 
competition for uptake and hence any detectable effect on the yield 
of s-galactosidase. Comparable situations are unlikely to occur 
in digests and significant underestimates arising from competition 
are therefore thought not likely to be a problem. In this regard 
it should be noted that one amino acid 
sf'-.,.1-l.shto.II<J 
will occurAin LO% of all 
dipeptides, 14% of all tripeptides and 17% of all tetrapeptides. 
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6-5 S~Galactosidase Assay For Available Lysine Methionine And 
Tryptophan In Proteins Of Known Composition 
6=5=1 Introduction 
As shown earlier, several auxotrophic mutants were isolated and 
their response to their required amino acids (Lys, Met or Trp), in 
both free form and peptide-bound was determined for growth and 
enzyme synthesis. In this section, their responses to these protein-
bound residues are examined and they are used to measure the 
availability of these amino acids in digests of pure proteins of 
known compositions. 
6-5-2 Materials 
The proteins and digestive enzymes supplied by Sigma (London) 
Ltd., were as described in Section 2~8-2. 
6=5=3 Methods 
The proteins were digested as described in Section 2-8-3. 
Their moisture contents were determined prior to digestion and 
-1 
samples were weighed to contain exactly 1 mg ml (dry weight), of 
protein. In preliminary experiments either a single enzyme (0.1 mg 
ml-l final concentration), was used_or the digestion time was varied 
(Figs. 6.16 and 6:17). 
Having established the optimum digestion period of 15 hours, 
three separate digests were made for each protein using the standard 
digestion procedure (Section 2-8-3), and diluted as appropriate (10 
or 100 times), into 0.05M potassium phosphate buffer, pH 7.0. Each 
of these was assayed immediately for available Lys using the 
standard method (Section 3=4)P over a range of five concentrations. 
222 
A 
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80 
60 
kO 
20 
0 ~ 8 12 16 20 
D~gest~on Tijme (h) 
FIGURE 6.16 Progress Of Digestion Of a -chymotrypsinogen A 
Type II (Sigma). 
Percentage of each amino acid determined from known composition after 
various digestion periods. 
~1 -1 1.0 mg ml protein 9 0.05 mg ml pronase and 
~1 ., . 
0 .OS mg ml pept:~.dase. See appendix ~ for method of calculation of 
results. These digests are nos. 1 & 4 in Table 6.5. Digestion 
procedure as described in section 2~8~3. Lys O=V 9 Met 0-=-===0 9 
Trp ~ • 100% = 14 residues Lys 9 2 residues Met and 8 residues Trp 
(all expressed in terms of residues / molecule. Autolysis~ Lys~=C:J 9 Meto=~l:I} 
A~-< ,15, Trp 
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FIGURE 6a17 Progress 0£ Digestion 0£ Whale Myoglobin Type II 
Percent of each amino acid determined £rom known composition after various 
digestion periods. See appendix 4 for calculation o£ results. Protein 
and enzyme concentrations and method of digestion as described in Fig 6.16 
These values are digests A & 0 in Table 6.5. 100% = 19 Lys residues 9 
2 Met residues and 2 Trp residues (all/ molecule). Lys~ 9 Lys-
autolysis ~ Met~ 9 Met-autolysis 0~ ; 1/Pi? 0'--© 
Trp - autolysis ~ • 
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Controls~ as described in Section 2-8-3, were included with every 
assay. Residual digests were stored at -20°C for up to 7 days until 
separately diluted for Met/Trp assays. Autolysis blanks gave a low 
response ( ~1% final total value), up to the standard 15 hours 
digestion time and were excluded from the calculations (Section 6-5=5). 
E420 values were plotted against weight of protein and statistically 
evaluated to establish the best line and to determine the correlation 
coefficient between the points. If the correlation (for 5 pairs of 
points), was less than 0.9 the data were rejected (in a total of 42 
assays on pure proteins one set of data was rejected on this basis), 
this was an assay for Trp with a 6 hour digestion period. 
Two examples showing detailed working for two sets of data are 
given in Appendix 3 and Lf. These examples are indicated by * and ** 
on Table 6.5. A graphical representation of these data is also given. 
Table 6.4 gives the amino acid composition, from sequence data, of 
the proteins used. 
6-5-4 Results 
In the summary of results (Table 6.5), the figures are percentage 
all!ino acid determined. Both proteins -were used at- a concentration of 
~1 -1 1 mg ml and digested with 0.05 mg ml of each enzyme (or 0.1 mg 
=1 
ml where pronase alone was used). Data for other enzyme 
concentrations or other digestion times which were tried before the 
standard method was established are not included. In a preliminary 
experiment (Figs.6.16 and 6.17), it was shown that overnight 
digestion (15- 18 hours), is satisfactory. 
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Table 6.4 
Protein Structure Data 
Protein Amino Acid Hol. wt. Lys Net Trp 
residues 
a Chymotrypsinogen A 245 25,105 14 2 8 
(Bovine) 
b Myoglobin 153 17,816 19 2 2 
(Whale) 
a Data from Walsh & Neurath (1964); Croft (1980) 
b Data from Fasman (1976) 
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Table 6.5 
Amino Acid Cbmposition Of Protein Digests = 
(Percentage of Theoretical Amino Acid Cbntent Determined By 
Protein 
Beta-galactosidase Assa~ 
Digestion 
Pronase and peptidase 
6 hour 
Pronase 15 hours 
Pronase and Peptidase 
15 hours 
Digest No 
1 
2 
3 
4 
5 
6 
Mean of 4~5 &6 
Pronase and Peptidase A 
6 hours B 
Pronase 15 hour c 
Pronase-and Peptidase D 
15 hours E 
F 
Mean of D~E & F 
Lys Met 
88.1 95.0 
88.8 87.7 
89.8 90.7 
86.0 86.9 
88.18 90.08 
65.2 39.9 
42.9 20.7 
78.1 63.1 
98-.6 87.5 
9.4 .• 7* 78.3** 
96.9 82.3 
9-3.·1 8-2-.3 
.95.8 82.6 
Trp 
19.3 
17.6 
90.1 
90.1 
92.0 
78.5 
86.03 
17.8 
-
43.1 
85.2 
74.3 
75.3 
. 78.5 
78.3 
Results expressed as %of calculated value based on amino acid 
composition 
*? ** ~see appendix 3,4~for calculation of these results. 
Graphical data shown in Fig 6.18 and 6.19. 
==Data not used ( r~0.9 ). 
Digests 1 and 4 are two digests incubated 6 and 15h used to 
plot data in Fig 6.16 and A and D are same digests used to plot 
Fig 6.17. 
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6-5-5 Discussion and Analysis of Results 
a) Autolysis Blanks 
Although autolysis controls were assayed for Lysp Met and Trp 
the results were low up to the standard 15 hours incubation but they 
contributed more to the final enzyme yield when incubation periods 
were prolonged to 22 hours (data not shown). Howeverp it is 
probable that in these controlsp in which the enzymes were incubated 
alonep the contribution to test digestions from autolysis may actually 
be overestimated because autolysis is likely to be greater for enzyme 
blanks than when the enzyme is incubated together with the-protein 
substrate. In theoryp in the protein digests» where enzyme:substrate 
ratios were 1 : 10 if autolysis and substrate digestion occur at the 
same rate the initial enzyme autolysis in the enzyme mix could only 
be a maximum of 10% of the substrate digestion. 
If it is assumed the average molecular weight of an amino acid 
in solution is 120 
0.1 mg ml enzyme = 0.1 x 103 
120 
-1 J.l mol ml 
-1 
= 0.83 ).1 moltnl each amino acid 
If each enzyme contains 5% Lysp 5% Met and 5% Trp then their 
concentration will each be 
0.83 X 5 
100 
·Clearly 0.042 
= 0.042 ~1 ).1 mol ml 
=1 ~mol ml enzyme=derived amino acid which would 
be released from complete autolysis would be insignificant compared 
=1 
to the 1 mg ml initial protein concentration of the digest. 
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b) Protein Digests 
The results (Table 6.5)p show the percentages of Lysp Met and 
Trp determined when Chymotrypsinagen A and Myoglobin are digested at 
1.0 mg ml=l with various combinations of pronase and peptidase for 
0 different timesp at 37 C. Taking the 15 hour digest with both 
enzymes the mean percent determinations for Chymotrypsinogen A were 
88.18p 90.08 and 86.03 and for whale myoglobin 95.8P 82.6 and 78.3 
for Lys~ Met and Trp respectively. 
Now from Table 6.4~ 1 Mole (25pl05 g)P of Chymotrypsinogen A 
will contain 14 Moles Lysp 2 Moles Met and 8 Moles Trp. Therefore~ 
using the percent determinations above the number of residues that 
would be detected would be: 
88.18 x 14 = 12.34 for Lys (14) 
100 
90.08 X 
100 
and 86.03 x 
100 
2 = 
8 = 
1.80 for Met (2) 
6.88 for Trp (8) 
Where number in brackets represents actual number of residues. 
Similarly~ in 1- Mole Myoglobin there are 19 -Moles Lys arid 2 Moles 
each of Met and Trp; from the percentage determination the number of 
each of these residues that would be determined would be 18.3p 1.65 
and 1.57 respectively. 
Possible sources of error could include amino acids that were 
not available after the digestion. The contribution due to autolysis 
has been ignored but this has already been discussed and the 
~ssumption that it is negligible has been defended. 
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Reduction in amino acid content in the test sample due to 
degradation by contaminants during digestion has also been ignored; 
the enzymes themselves could also be affected by this. Finallyp the 
calculations assume that the proteins are 100% pure w/w. They could 
be contaminated by salts or other compounds. It is perhaps 
significant in this respect that all of the assay values determined 
were low. 
Graphical representation of the assay of Lys in a myoglobin digest 
is given in Figure 6.18 and the assay for Met in the same digest is 
shown in Figure 6.19. 
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FIGURE 6.18 Assay of Lysine tn Myoglobin Digest 
Result of assay of Lys in myoglobin after digestion as described 
in text. On x axis weight of protein taken = 2 P 4 ~ 6 ~ 8 and 
10 ]..lg. For digest~ Intercept ::: 0.0213 
Slope = o. 3294 
(y axis on r :::: 0.9412 
l.h.s) R2 ::: 88.595 
where X = 1 .Op y=0.3507 
For Lys cal. Intercept = 0.0025 
curve ( y axis Slpoe :::;: ·1 .485 
on r.h.s) r2 - 0.985 
p-==0 R =97~023 
where x = loOp y=1.48 
Digest E in Table 6.5 
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. 4 ·6 
ml dige~t 
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ll ffi@~ Met ml7"1 
•8 ·10 ( 1/10) 
·002 
FIGURE 6.19 Assay Of Methionine In Myoglobin Digest 
Volumes on x axis represent 20» 40p 60p 80 and lOOl.J g protein 
assayed. Experimental procedure as in Fig 6o18. Enzyme assayed 
by method described in- section3-4 using strain PAOlllp Lys- » Met-. 
For digest~ P 
For Met 011 Olrve C> = =o 
Digest E in Table 6.5 
Intercept 
slope 
r2 
R 
= -0 0 1116 
= 0.9256 
,:;;;: 0.9865 
=97 a25 
where x = l.Op y = 0.9145 
Intercept = =0.045 
Slope :::; 0.5493 
r2 = 0.9770 
R = 95.5 
where X ::; LOp y ~ Oa45 
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6=6 Analysis of High Protein Feed Meals 
6-6-1 Introduction 
In 1955 the ARC formed a Protein Quality Group to undertake 
collaborative work on the development of laboratory procedures for 
the assessment of protein quality in animal feeding stuffs. By 
1959 it was apparent that of the methods chosen, microbiological 
methods had certain unique advantages (Section 1-5). A Microbiological 
Panel was formed in 1959 and part of their programme was to assess 
the procedures on a collaborative basis. The first publication of 
the ARC Protein Evaluation Group was in 1961 and- mu_ch data has been 
published since then. 
Three panels: Biologicalp Microbiological and General Analytical 
were set up. The microbiological panel concentrating its efforts on 
measurement of availability of amino acids such as Lys, Met and Trp. 
Initial results showed significant correlations with previously 
noted values between microbiological responses to protein quality 
and published values for Lys and Met obtained with chick and rat 
bioassay (Boyne et al.P 1967). Particular problems, however, were 
repo~t_e_<l_ with results from Trp assays •. 
Three of the meals that have been extensively analysed in ARC 
collaborative trials were used here. These were GNlOl (ground nut 
- -meal>solvent =extracted in the U.K.), SBlOl (soya bean meal -grown 
in Chinap extracted in the U.K.) and FMlOl (a white fish meal of U.K. 
origin), and were kindly supplied by Dr. A. Williams (NIRD). 
In assessment of nutritional value three problems are paramount: 
(i) Reproducibility of results = when same sample is assayed on 
different occasions 
233 
(ii) Reproducibility of results when same sample is. assayed by 
different laboratories 
(iii) Relevance of experimental results obtained to actual values 
of the samples» in practice. 
The results obtained using the Escherichia coli assay described 
herein for Lys» Met and Trp» was evaluated with the aim of establishing 
the validity of (i) and (iii). To achieve this» the results obtained 
are compared with published data; the main source of which was 
Carpenter & Woodham» 1974. 
6-6-2 Methods 
The procedure for digesting the meals has been described 
(Section 2-8), and the assay has been detailed in Section 3-4. 
For each of the protein-rich meals three separate digests were 
made using fresh enzyme solutions for each. After digestion, one 
sample was immediately taken» diluted as necessary for assay (usually 
1/10 or 1;20 and the remaining digest was divided into aliquots, 
0 frozen at -20 C for subsequent assay as required. Each meal was 
assayed for each of the three amino acids of interest several times. 
For assaying Lys the assay organisms were varied.in some c:~~es for 
example digest 1 was assayed with M2626, digest 2 with PAOlll Lys-
Met and 3 with PAOllO Lys- Trp • However, Met was assayed with the 
Met auxotroph PAOlll and Trp with the Trp auxotroph, PAOllO throughout. 
For each single determination at least 3 duplicate concentrations 
of the sample were assayed; An amino acid calibration curve, and 
controls for autolysis and inhibition were also included. Autolysis 
controls at no time contributed to more than 1% of the total response. 
The addition of known amounts of test amino acid t.o the digest 
indicated that in no instance were inhibitors present. 
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For each assay E420 values were measured and corrected for blanks 
(endogenous amino acid), (Section 3-5-2). Data ~hen dealt with 
in two ways. 
a) Values obtained from amino acid calibration curves and for digests 
(E420 v. conc)p were plotted and the best lines between the 
various sets of duplicate points were drawn by eye. Hencep from 
the lines obtainedp the amino acid concentration in a given 
volume of digest could be calculated (see Appendix 5 for typical 
graphs and calculation). 
b) The same data used in (a) ~Mfak~n and p_lotted and a least 
squares regression analysis used to det.ermine the best fit of 
the line joining the points (see Appendix 6 for program used 
and results obtained with a representative set of data). 
Final results were expressed as g 1 Kg crude protein to 
facilitate comparison with the values of protein content quoted by 
Carpenter & Woodham, 1974. These values assume 900 g /Kg dry matter 
(i.e. 10% moisture)p they were therefore corrected for the true 
percentage moisture determined experimentally. (Section 2-8-3). 
6~6-3 Results and Discussion 
a) Lysine 
Values of Lys in each of the three meals as determined by using 
the Escherichia coli assay are given in Table 6.6. Values for GNlOl 
were between those obtained with the rat and the chickp for SBlOl 
and FMlOl lower values were obtained than quoted for chick bioassay. 
There is a tendency (Carpenter & Woodhamp 1974), for samples of 
lower potency (e.g. SBlOl), to give relatively higher values by 
chemical tests than with chicks. 
Table 6.6 
Results For Lys Assay Of High-Protein Feed Meals 
* 
(a) 
* * 
-1 Sample Crude Protein Crude Protein % H20 Chern Available Digest Results g Kg N X 6.25 Dry Weight T R c 1 2 3 
GNlOl 503 558 5.99 34 - 39 25 28.60 28.19 33.92 
28.19 29.02 33.75 
** 31· 67 
a = 2.84 
m = 30.48 
v = 8.08 
SBlOl 475 528 482 59 - - 54 - 49.86 53.32 
a = 2.45 t\) 
m = 51.59 LV Ul 
v = 5.99 
FMlOl 708 786 3.8 62 54 71 60 - 49.76 51.28 
49.69 
a = 0.898 
m = 50.24 
v = 0.807 
Comparison of Lys contents g Kg-l - calculated using method (a), (points joined by eye), 
and literature values. 
(a) Determined experimentally (As f9r rice - Sections 2-8~3 and 6-7-3). 
** 
This is given as worked example in Appendix 5. 
Table 6~6 (cont.) 
Not determined 
T = Tetrahymena Assay 
R = Rat Bioassay 
c = Chick Bioassay 
* Data from Carpenter & Woodham~ 1974 
Chern = .Chemical value - acid hydrolysis and autoanalyser 
' 
a = Sta,ndard Deviation 
m = Mean 
v = Variance 
(\) 
~ 
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Since the published data and the experimentally derived data were 
based on different moisture contentsp a comparison of chemical 
total Lys values at 10% water and the measured moisture content are 
given in Table 6.7. It should be noted that the 10% values for 
moisture content are assumed rather than measured. 
Two methods were used to calculate results from the test data 
and a direct comparison of these is given in Table 6.8. For GNlOl 
and SBlOl the best fit line gives rise to lower final values than 
joining the points by eye. One problem with determining the best 
fit line is thaj: it may JlOt necessarily pass through the origin -
although clearly there should be no response if there is no amino 
acid present and after endogenous values have been corrected. 
Thereforep when the best fit line did not pass through the originp 
a line was drawn parallel to it such that this required condition 
was fulfilled. Since the values of the intercept of the best fit 
line were small (but always positive)p moving the line could have 
caused this decrease in response. 
Table 6.9 shows the percentage of Lys available in each of the 
meals. The values are calculated in relation to_ the totaL Lys 
which was determined after acid hydrolysis (100%). It is of interest 
here that the percentage availability values are very similar for 
the Lys in all three meals when calculatedfrom the best~fit lines 
but there is a greater variation when the lines are drawn by eye. 
Howeverp with the limited data for available Lys (only chick 
results known for all three meals)p it is difficult to draw any 
firm conclusions. A graphical comparison is given in Fig. 6.20. 
,-_ -. 
2.38 
Table 6.7 
Comparison Of Chemical Assay For Lys And Escherichia ~ 
Assay Values On Same % Moisture Basis 
Sample Chemical Total Lysa b Total Lys Mean Value From 
Escherichia coli 
Assay (Table 6.6) 
GNlOl 
SBlOl 
FMlOl 
a 
b 
34 
59 
62 
35.52 
62.40 
66.27 
30A8 
51.59 
50.24 
Determined by acid hydrolysis - assumes 10% moisture 
content 
Based on measured moisture content 
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Table 6.8 
Lysine Contents = Comparison Of Results Derived From Lines 
Joined By Eyea And By Least Squares Analysisb 
Sample 
GNlOl 
SBlOl 
FMlOl 
GNlOl 
SBlOl 
FMlOl 
Digest 1 2 3 
a b a b a 
28.60 27.95 28.19 28.15 33.92 
28.19 27.46 29.02 28.51 33.75 
31. 67; * 
49.86 47.78 53. ';2 
49.76 49.81 51.28 
49.69 53.54 
-1 Mean Values g Kg 
Method (a) Method (b) 
30. 48 (90.5. 123.1) 30.05 (88.4. 120.2) 
51.59 (87.4. 95.54) 49~~7 (83:8. 91.61) 
50.24 (81.03. 119.4) 53.58 (86.41. 99.22) 
b 
32.68 
33.70 
* 31.96 
51.15 
52.36 
First figures in parentheses represent percentage availability based 
on published results from chemical analysis; second figures give 
comparison with published chick bioassay results. 
* Worked example see Appendix 5. 
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Table 6.9 
Percentage Availability Calculated From Lys Determined By Escherichia 
Coli Assa~Related To Chemical Values 
Digest 1 Digest 2 Digest 3 
Sample Chemical a b a b a b 
Score 
GNlOl 34 84.1 82.2 82.9 82.79 99.76 96.12 
82.9 80.16 85.35 83.58 99.26 96.18· 
*93.15: *94.0 
SBlOl 59 84.50 80.47 90.34 86.69 
FMlOl 62 80.25 80.34 82.71 84.45 
80.15 86.35 
Mean Values (% Availability) 
Method (a) Method (b) 
GNlOl ·sa. 4 
SBlOl 87.42 
FMlOl 81.04 83.71 
Standard Procedure Section 3-4 
(/) 
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Cbmparison of results from E cOli assay calculated by (a) best 
eye fit 0 or (b) least squares best line 6 with total Lys 
determined by chemical analysis (closed symbols). Data also 
compared 9 open symbols © 9 ~ 9 to published available Lys 
values from chick bioassay (carpenter & \<\bodham 9 1974). Figures 
in brackets represent no. of digests assayed. 
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b) Methionit:J,e 
Results for Met showed a wider variation between digests for 
the same meal than did Lys results. Again the widest variation was 
in the results for GNlOl but since this was the lowest of the three 
-1 
meals in terms of g Met Kg meal 9 perhaps this was not surprising. 
Availa:ble values were calculated on the basis of total Met values 
determined microbiologically. In a collaborative trial in which 
twelve different meals were tested "total Met values were generally 
similar whether determined chemically or microbiologically although 
the ___ la_tter were somewhat -higher"» -(Carpenter--& Woodhamp- 1974). 
Thereforep percentage availability figures quoted in terms -of totid 
chemical Met would be greater. 
If the results taken individually, for each of the three digests 
assayed were used» the available Met contents of the three meals 
would be ranked in the same order as determined by chick or Strep. 
zymogenes assays. 
Values obtained by the two methods of joining data points were 
very similar for FM and SB but there was more variation in the two 
values obtained with GNlOl. A graphical r_epresentation of-the 
results is given in Fig. 6.21. See also tables 6.10~ 6.11 and 6.12. 
c) Tryptophan 
- Collaborative trials have shown that there ~s no single 
satisfactory method for the estimation of Trp - a view adequately 
supported by the multitude of analytical methods for its determination. 
The range of values obtained for Trp in the meals analysed here is 
quite high. However 9 reproducibility betweep assays with the same 
digest is good in all cases. 
Tables 6.13 9 6.14 atjd 6.15 show results from t!1e 2.ssay of the meals 
for Trp. The results are presented in graphical form in Figure 6.22. 
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assays on each samplea 
32 
244 
Table 6.10 
Results For Met Assays Of High Protein Feed Meals 
Total Available Digest Results -1 g Kg 
Sample Chem:M'Biol M'Biol:Chick 1 2 3 
GN101 9.9 10 7.8 7.6 8.95 7. 4.8 10.03 
8.89 
8.47 
a = 0.91 
m = a. 76 
v ::::: 0.85 
SBlOl 14 17 13 13.78 16.93 
a = 2.22 
m = 15.36 
v = 4.97 
FM101 23 26 23 25 25.15 21.44 22.51 
a = 1.90 
m = 23.03 
v - 3~-64 
= Not determined 
Total ~ acid hydrolysis 
Available = Pre=digestion papain 
a = standard deviation 
See Carpenter & Woodham (1974) 
m "' mean 
v variance 
~1 
Published data is based on 900 g protein Kg 
Digest results calculated on actual moisture contents as for Lys 
assays. 
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'l'able 6.11 
Methionine Contents - Comparison Of Results Derived Frcim Lines 
Joined ay Eyea Arid Least Squares Analysisb 
1 2 3 
Sample a b a b a b 
GNlOl 8.95 ' .• 48 9.66 10.00 10.26 
8.47 
-
f3. 8_~ --.-.-
SBlOl 13.78 14.47 16.93 15.92 
FMIOl 25.15 ; 24.72 21.44 20.14 22.51 22.28 
Mean values g Kg =1 
a b 
GNlOl 8 r.'' 0 ·~(?' (86j.6) 9.96 (99.6) 
SBlOl 15.36 (90.4) 15.195 (89.4) 
FMlOl 23.03 _(8_8.6)~ __ 22.38 (86~ 1)_ --
Values in Parenthesis Represent Percentage Availabi-lity Based 011 
Pubiished Data for T_ot_al M~crobiological Assay (Acid Hydrolysis and 
Streptococcus zymogenes assay) 
Assay procedure as section 3=4 
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Table 6.12 
P~rcent Availability. Of Met - Calculated From Met Determined By 
Escherichia coli Assay~elated To Total Microbiological Values 
Total Digest 1 Digest 2 Digest 3 Score 
Sample (M'Biol) a b a b a b 
GNlOl 10 89.52 84.8 96.6 100.3 102.6 
84.7 
88.9 = = 
SBlOl 17 81.06 85.12 99.6 93.6 
FMlOl 26 96.7 95.07 82. 4'6 77.46 86.59 85.6 
Mean Values (% availability) 
Method (a) Method (b) 
GNlOl 89.6 99~6-
SBlOl 90.4 89.4 
FMlOl 88.58 86.1 
* Assay .procedure as section3-4 
247 
~ 
~ 
, 
/ 
/ 
==> 
rtl 
u 
E 
0.1 
..c: 
u 
...:r 
/ 
/ 
/ 
~ 
/ 
/ 
•' 
FIGURE 6o22 
FM 101 
/ 
~ 
/ , 
, 
, 
" , 
~ , 
/ 
() 
~ 
~ 
& ;s bG N 
.tft0(2') / FM·101 .:s / 
~ 
/ 
~ 
/ 
" / , 
~ 
/ 
~ 
/ 
~ 
/ 
/ 
~ 
/ 
4 _jt _12 
£coli method (g I l<g) 
Tryptophan Assay Of Feed Mea-ls 
06 &6 
/' 
101(5} 
l 
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Data calculated by method (a) 0 ~ () or method (b) 6 ~ ~ 
Data presented in Table 6ol4o 
SB 1 O'Jll 
SB 101(3) 
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Availability was calculated in each case on the basis of 
published data for chemical assay. The values obtained for fish 
meal are of interest because from the limited data available the 
availability of Trp from this meal is very high. Inspite of 
published work in which the chemical assay gave values much greater 
than chick or microbiological assay results. If the results from 
the Escherichia coli assay are compared with those obtained by 
microbiological or chick assay then in almost every case they are 
higher with Escherichia coli. The published results show some 
discrepancy here, since strictly speaking, the ARC chick assay gives 
values for available Trp rather than total, but these are likely to 
be close in a good-quality feed. However, for GNlOl and FMlOl there 
is a large variation between total chemical and chick "available" 
results. 
Since no set of results for Trp obtained by any method 
consistently agrees closely with any other set, caution must be used 
in drawing conclusions from the analytical results obtained with the 
limited data available. 
When data for the same feE!d-stuff assayed for the three amino 
acias are compared, it can be seen (Table 6.16), that the availability 
of Lys qnd Met in a given sample is very close and the close 
correlation between vavailable' and 'total' values was good with the 
former being 12% below the latter at the most but usually only about 
10% less. This corroborates the findings published for these amino 
acids in these and other high protein feedstuffs by Carpenter & 
Woodham, 1974, where the mean value for available Met or Trp was 
quoted as being ca. 10% below the total in each instance. 
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Table 6.13 
~esults For Trp Ass~ys Of High Protein Feed Meals 
1 Availableo' Trp g.Kg -1 
Sample *Chern M'Biol Chick Digest 1 Digest 2 Digest 3 
assay 
GNlOl 13 8.2 8.0 9.82 9.46 11.93 
9.25 9~57 
0 = 1.095 
. -·~·- .. 
m = 10;01 
v 1.199 
SB-101 15 10.8 14 14.22 
14.66 13.98 
0 = 0.35 
m 14.29 
v .12 
FM101 11 5.2 6.8 10.79 11.14 
= _o. 25-
m = 10.97 
v = 0.061 
Tryptophan values - calculated by method (a) points joined by eye. 
- not determined 
* Data from Carpenter & Woodham, 1974 
0 = standard deviation 
m mean 
v = variance 
Quoted data based on 900 g p~otein Kg~~ Ek~eri~entQl Assay data 
based on actual moisture conten_ts. 
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Table 6.14 
Try12tophan Results - Comparison Of Results Obtained From Lines 
Sample 
GNlOl 
SB101 
FMlOl 
GNlOl 
SNlOl 
FMlOl 
Joined By Eye a And By Least Squares Analysis b 
Digest 1 Digest 2 Digest 3 
a b a b a b 
9.82 9.46 10.78 11.93 10.44 
9.25 9.57 9.92 
14.22 12.26 
14.66 15.19 13.98 12.97 
10.79 9.81 11.14 11.86 
Mean Values g Kg -1 
Method (a) Method (b) 
10.01 (77) 10.38 (79 0 8) 
14.28 (95.24) 13.47 (89.82) 
10.97 (99.7) 10.84 (98.5) 
Figures in parentheses represent percentage availability 
based on published results from chemical analysis. 
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Table 6.15 
Percentage Availability Of Trp Calculated From Escherichia coli* 
Assay Related To Chemical Values For Trp 
Digest 1 Digest 2 Digest 3 
Sample Chemical a b a b a b 
Score 
GNlOl 13 75.53 72.7 82.89 91.6 80.31 
71.15 73.6 76.34 
SB101 15 97.7 101.3 94.8 81.73 
93.2 83.01 
FMlOl 11 98.09 89.8 101.2 107.8 
Mean Values (% Availability) 
Method (a) Method (b) 
GNlOl 76.9 79.8 
SBlOl 95.23 88.68 
FMlOl 99.5 98.5 
* Assay procedure as 1n section 3-4 
Table 6.16 
Summary Of Results For High Protein Meals 
LYS!t* MET ~~ TRP ** 
Chern Assay E. coli 
-------
% Avail Total E. coli % Avail Chern E. coli % Avail 
* assay mean Met assay Assay assay 
mean_1 * g Kg-1 * g Kg-1 g Kg 
GNlOl 34 30.43l 89.45 10 9.46 94.6 13 10.2 78.4 
t\) 
Ul 
t\) 
SBlOl 59 50.53 85.6 17 15.28 89.9 15 13.87 92.5 
FMlOl 62 51.91 83.7 26 22.71 87.4 11 10.91 99.1 
* Total scores from Carpenter & Woodham, 1974 
All results are the mean values from all assays calculated by methods (a) and (b) 
Since there was good agreement between both methods of calculating the results, 
it was justifiable to use both sets of data in calculating the above means. 
** Enzyme assayed by standard procedure (section 3-4) 
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Appendix 5 gives a worked example for the calculation of one 
result and the statistical data included. Appendix 6 gives a 
listing of the computer program used to calculate the best fit line. 
However, when this is done the best fit line does not necessarily 
pass through the origin, and a line has to be drawn parallel to it 
through this point1 yet, sensibly, there must be an intercept at 
x = 0, y = 0 after blank values are subtracted. Therefore, as a 
check on this aspect, one set of data for each meal (all three 
amino acids plus their calibration curves), was recalculated using 
another computer program where the equation of the line was taken as 
Y = mx + 0 (to give a zero intercept and thus force the line through 
the origin of the graph). Data calculated in this way is referred 
to as constrained data. 
Comparison of results for three samples calculated by best eye 
fit (a), by the conventional least squares method (b), and as 
discussed above (c), is given in Table 6.17. It can be seen that 
in most cases the constrained fit gives higher final values than 
the least squares fit. Variation in the methods was not obviously 
greater where the intercept obtained using method (b) was high; as 
would perhaps be expected. Table 6.18 shows the difference 1n 
values obtained by the two statistical methods (c- b), and the 
intercept values obtained from the best fit analysis of the pairs 
of points used to plot the best fit lines (b). The correlation 
between (c- b), and the intercepts (r) was 0.524. For 9 sets of 
points the minimum level for significance would be 0.670. 
However, overall there was a very good correlation (r = 0.997), 
between the values obtained with the constrained data (c) and those 
£rom the simpler method of drawing the best line by eye. 
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Table 6.17 
Comparison Of Graphical Points Joined By Eye (a), Joined By 
Least Squares Fit (b) Or By Using Constrained Data (c) For 
Sample 
SBlOl 
FMlOl 
GNlOl 
SB101 
FM101 
GN101 
SB101 
FM101 
GNlOl 
Assay 
Lys 
II 
II 
Met 
II 
II 
Trp 
II 
II 
Nine Individual Assays 
Amino Acid Content (g Kg-l) 
a 
53.32 
49.69 
34.08 
16.93 
25.15 
10.00 
14.22 
10.79 
9.46 
* b 
51.15 
53.54 
33.35 
15.92 
24.02 
10.26 
11.26 
9.81 
10.78 
c 
53.17 
52.84 
35.15 
16.75 
25.70 
8.55 
16.51 
12.08 
10.35 
-1 All values quoted are calculated on g.Kg dry weight 
meal and they are values taken from one individual 
assay with the results plotted and calculated in 
three ways. 
* Results calculated by least squares method line drawn 
parallel to actual best fit line so that it passes 
through the origin. 
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Table 6.18 
Relationship Of Difference Between Values Calculated By Method 
Sample 
SBlOl 
FMlOl 
GNlOl 
SB101 
FMlOl 
GNlOl 
SBlOl 
FMlOl 
GNlOl 
(c) And Method (b) And Intercept 
Amino Acid 
Lys 
II 
II 
Met 
II 
II 
Trp 
II 
II 
* From Table 6.17 
* 
c - b 
2.02 
-0.7 
1.8 
0.83 
1.68 
-1.71 
5.25 
2.27 
-0.43 
** Intercept of best fit line 
Intercept (c)** 
0.0113 
-0.0461 
0.0137 
0.0527 
-0.1278 
-0.0374 
0.1097 
0.0512 
0.0168 
For these nine pairs of points correlation 
between (c - b) and i = 0.524 
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This is shown graphically in Fig. 6.23. Comparing (c) and (a) for 
individual amino acids for Lys r = 0.987, for Met r = 0.999 and for 
Trp r = 0.999. 
It is very clear therefore that joining the lines by eye givep 
sensible, meaningful and reproducible results and the procedure is 
rapid and readily applicable to the routine analysis of large numbers 
of samples. Therefore, in subsequent calculations this was the sole 
method used. 
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6-7 Assay Of Rice (Oryza sativa, L) Samples 
6-7-1 Introduction 
Among the cereal proteins~ rice has been found to be of 
relatively good quality (Bressani et al., 1971)~ with a fairly good 
balance of essential amino acids. The main nutritional disadvantage 
of the rice grain is its low protein content (6 - 8%). The 
biological assessment of protein quality is difficult in samples that 
contain relatively little protein~ assays such as NPU and PER 
require 9 - 10% dietary protein levels. The problems of assay of 
samples low in protein are particularly severe where that protein 
is of poor quality, and especially so if the protein is limiting in 
Lys (Hegsted & Juliano~ 1974). 
Analysis of Lys in rice is particularly important as it is the 
first limiting amino acid (Thr being second limiting). As the 
overall protein content of rice varieties LS increased e.g., by 
breeding/selecting high protein cultivars~ it has been a common 
observation that a decrease in the Lys content and hence the quality 
of the protein occurs. 
To change rice nitrogen analyses to protein values the conversion 
used should be (N x 5.95)~ (Eggum & Juliano~ 1973)~ but the factor 
6.25 is more often used and results are therefore expressed as 
-1 g.l6 g N to make it isonitrogenous with most proteins containing 
16% Nitrogen. This is the usual procedure in most publications and 
therefore 16% N was usually used in the following calculations but 
care should be taken in interpreting data since occasionally 
composition is quoted as g 16.8 g N2-l (Juliano. 1966). 
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As with the meals (Section 6-6), rice samples were digested, 
assayed for Lys, Met and Trp by using the procedure described in 
Sections 3-4 and 2-8-3, and the results obtained were compared 
with published values (Hegsted & Juliano, 1974; Eggum & Juliano, 
1973), and in personal communications by Dr. J. Ford (N.I.R.D.), 
and Dr. B. Juliano (I.R.R.I.), to Dr. J.W. Payne. 
6-7-2 Methods 
The digestion procedure and assay method have been described 
(Sections 2-8 and 3-4). 
Two separate digests of each of four rice varieties were made, 
and each digest was assayed at least twice using not less than three 
different concentrations. Treatment of the digests prior to assay 
was as described for meals (Section 6-6-2). Digests were diluted 
as appropriate(! usually), for assay, in O.lM pH 7.2 buffer. One 
digest was assayed for Lys using M2626, the other using strain 
PAOllO Lys Trp . Both digests were also assayed for Met and Trp 
using the appropriate auxotrophs (PAOlll and PAOllO, respectively). 
Controls showed that there were no inhibitors in the samples, and 
autolysis values at no time contributed more than 1% to the final 
assay values. Results were calculated and presented as described 
in Section 6-6-2 except that method (a) only was used i.e., the 
best lines between the various sets of duplicate points were drawn 
by eye. The justification for doing this was given in 
Section (6-6-3). 
Final results were expressed as g/16 g N but comparison 
between these results and 16.8 g N values are given. 
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6-7-3 Results 
a) Moisture Content 
In the published literature, there are discrepancies in the 
moisture content quoted for milled rices. It is usually given as 
12% but was quoted as 14% by Dr. B. Juliano (personal communication). 
These must be approximate values since it is unlikely that all 
varieties would have exactly identical moisture contents after 
milling. Percentage moisture content of the four varieties used 1n 
this study were determined experimentally and found to be: Intan, 
10.7%; IR480-5-9, 10.9%; IR480-5-9 Brown, 12.2% and BP76-l 11.1%, 
and all results of Escherichia coli S -galactosidase assays are 
quoted on a dry weight basis to avoid confusion, since there was 
variation in moisture content amongst the samples. 
Percentage protein values for the four rices are as follows: 
Intan 5.97; IR480-5-9 11.8; IR480-5-9 Brown, 10.9; and BP76-l, 15.2. 
These quoted values (N x 6.25), include 14% water (Dr. B. Juliano, 
personal communication). 
b) Lysine Determinations 
Comparison between total Lys (determined from amino acid 
analysis on acid hydrolysates), and available Lys determined by 
using either Escherichia coli growth assays or S -galactosidase 
assay are given 1n Table 6.19. It can be seen that in all cases 
the values obtained by the latter method were greater than those 
from Escherichia coli growth assays. However, values for the 
percentage availability of brown rice were lower than for the other 
samples. 
Sample 
BP76-l 
Table 6.19 (cont.) 
a% Protein a Total Lys bAvailable b % Lys % Lys 
N X 6.25 g/16g N Lys Available 
g/l6g N 
15.2 .485 3.19 1.55 48.6 
a = Standard deviation 
m = Mean 
v = Variance 
a On total, not amino, N basis, assumes 14% water 
b Escherichia coli growth assay J.W. Payne (1976) 
cAvailable 
Lys 
g/l6g N 
2.16* 
l. 98 
1.94* 
2.44 
a = 0.05 
m = 2.13 
v = 0.05 
c Determined by Escherichia coli f::" -galactosidase assay (dry weight basis) 
All four results in column c are from separate assays. 
Samples marked * are the same digest. 
c % Lys 
Available 
66.7 
62.1 
60.8 
76.5 
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This could be caused by degradation of the sample during storage 
but this is unlikely since Dr. K.J. Carpenter verified 100% 
available Lys by the DNFB method after 6 months storage at room 
temperature (B.O. Juliano- personal communication). However, of 
the samples of rice BP76-l and Intan were known to have been grown 
in 1969 (Bressani et al., 1971), and no information regarding the 
conditions under which they have been stored subsequently, for 14 
years, is available. Another possible cause of low values for 
available Lys might be in the digestion. If the milling were 
insufficient, digestion could be incomplete since the particle 
size might limit accessibility of the enzymes to the proteins. 
It must be stressed that great care is needed in interpreting 
literature values for rice since they are based on a single moisture 
value and different nitrogen values.6.25 or 5.95. Results for the 
enzyme assays were calculated on a dry weight basis and assuming 
16% N, to make the sample isonitrogenous with other proteins. In 
Table 6.20, Lys availability values at N x 6.25 and N x 5.95 are 
compared and the latter gives values very close to those calculated 
in Table 6.19. 
Finally, Table 6.21 compares total Lys values calculated at 
14% moisture and on a dry weight basis and gives percentage 
availability figures for the enzyme assay calculated on dry weight 
values. 
The data presented in Table 6.19 shows that the. percentage Lys 
available in rice, especially in the case of brown rice, is lower 
than typically expected in samples higher in protein. 
Table 6.20 
-1 -1 Comparison Of Lys Results Calculated On Basis Of g 16 g N2 And g 16.8 g N2 
b b c c 
Sample Total Lys Total Lys Available % Available % 
g/16 g N2 g/16.8 g N2 Lys Available Lys g/16 g. g/16.8 g N2 Available 
INTA.J.\l 4.07 4.27 3.12 73.1 3.36 78.7 
3.29 77.0 
3.33 78.0 
3.51 82.2 {\) 
()\ 
w 
IR480-:5 -9 3.34 3.52 2.35 66.8 2.38 67.6 
2.59 73.6 
2.48 70.5 
2.51 71.3 
IR480·-5-9 3.59 3. 77 2 .ll 56.0 2.02 53.6 
(Brown) 1. 92 50.9 
1.68 44.6 
1.81 48.0 
BP76-l 3.19 3.35 1. 63 48.7 2.27 67.8 
2.08 62.1 
2.04 60.9 
2.56 76.4 
b Escherichia coli growth assay (J.W. Payne, 1976) 
c Escherichia coli G -galactosidase assay 
These comparisons are illustrated in Fig. 6.24 
Sample 
I NT AN 
IR480-5-9 
IR480-5-9 
(Brown) 
BP76-l 
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Table 6.21 
Lysine Results Calculated On Dry Weight Basis 
Total Lys a Total Lys b Available c % Availabled 
g/16.8g N2 g/16.8g N2 Dry weight 
14% H20 Dry weight 
4.27 4.85 3.36 69.3 
3.29 67.8 
3.33 68.7 
3.51 72.4 
3.52 4.01 2.38 59.4 
2.59 64.6 
2.48 61.8 
2.51 62.6 
3. 77 4.29 2.02 47.1 
1. 92 44.7 
1.68 39.2 
1.81 42.2 
3.35 3.82 2.27 59.4 
2.08 54.5 
2.04 53.4 
2.56 67.0 
a Published data - converted from N x 6.25 to 
N X 5.95 
b Dry weight (b a x 1.14) 
c Determined by Escherichia coli enzyme assay 
d % available determined by Escherichia coli 
assay on dry weight and g/16.8g N2 basis 
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If these are underestimates, it is likely to be at least in part, 
a problem of digestion, since in two separate digests there ~s a 
difference of over 6% availability between the mean values of Lys. 
It is possible that the digestion conditions, which were 
optimised with pure proteins and with high-protein meals, may need 
to be modified for milled rice samples, but this aspect was not 
examined further. Lys results are shown graphically in Fig. 6.24. 
c) Methionine Determinations 
Methionine values were calculated on a g/16g N2 and dry weight 
basis. Table 6.22 compares values obtained for Met using Escherichia 
coli PAOlll with those determined for the same rice samples by 
Dr. J. Ford, using Streptococcus zymogenes assay, for total and 
available Met, and also with total Met values obtained by amino acid 
analysis after acid hydrolysis. 
Table 6.23 gives a more direct compar~son, based on dry weight 
values throughout. As for Lys, availability values are low in some 
cases; and once again there is a significant difference between the 
values obtained for the two separate digests of brown rice. The 
bro\vn rice sample also gives values for availability considerably 
lower than the other three samples when assayed by Streptococcus· 
zymogenes assay, again implying that digestibility may be a problem. 
A graphical comparison of Met availability data obtained by 
Streptococcus zymogenes and Escherichia coli assays is g~ven in 
Fig. 6.25. 
d) Tryptophan Determinations 
One of the problems in the evaluation of the results obtained 
for Trp contents of the tested rice samples. is the lack of 
published data on this amino acid. 
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Data taken from Table 6. 20 and expressed as % availabi l i. ty. 
Sample 
BP76-l 
a 
b 
% Protein 
15.2 
Met a 
g/16g N 
1.71 
Table 6.22 (cont.) 
Met g/16g N 
Total Available 
1.55 1.33 
Normal Acid Hydrolysis 12% moisture 
Data sent by Dr. J. Ford (1976) 5 at 12% moisture 
c Availability from ~· zymogenes data 
b % c 
Available 
86 
E. coli 
g/16g N2 
1.17* 
1.05* 
1.37 
1.36 
a= 0.16 
m = 1.24 
v = 0.02 
d Calculated on basis of total Met (column a), but converted to dry weight 
* Samples from same digest - separate assays 
a = Standard deviation 
m = Mean 
v = Variance 
% d 
Available 
61.1 
54.8 
71.5 
71.0 
~0 
0' 
--1 
() 
r+ 
0. 
0 
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Table 6.23 
Comparison Of Escherichia coli And Streptococcus zymogenes 
Values For Rice Samples Based On Dry Weights Throughout 
St. zymog_. g/16g N Dry wt. a b 
Sample Total Avail. % Avail. E. coli % Available 
Enz. Assay 
I NT AN 2.95 2.38 80.6 2.23 75.6 
2.29 77.6 
2.17 73.6 
2.26 76.6 
a 0.05 
m 2.24 
v = .003 
IR480-5-9 2. 71 1.85 68.2 1.53 56.5 
1. 58 58.3 
1. 59 58.7 
1. 58 58.3 
a = 0.027 
m 1.57 
v = 0.001 
IR480-5-9 2.68 1.57 58.6 1.04 38.8 
(Brown) 1.26 47.0 
1.37 51.1 
1. 31 48.8 
a 0.14 
m = 1. 25 
v = 0.02 
BP76-l 1. 74 1.49 85.6 1.17 67.2 
1.05 60.3 
1.37 78.7 
1.36 78.2 
0.16 
m 1.24 
v = 0.02 
a Data taken from Dr. J. Ford and multiplied by 12% to convert 
to dry weight 
b Based on first column (Total Met - dry weight basis) 
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Amino acid profiles obtained from amino acid analysers after acid 
hydrolysis exclude Trp which is destroyed by the hydrolysis. 
However, published values for three of the samples are given in 
Table 6.24. No data was available for brown rice IR480-5-9, but 
Juliano (1966), gives Trp content for bro\ro rice (unspecified 
varieties), determined by various authors to be in the range 1.21-
1.58 g/16.8 g N. This is equivalent to 1.15 - 1.50 g/16.0 g N 
converted to the same base as the data in Table 6.24. In the 
absence of any information in the publication it is assumed here 
~ 
that the chemical data quoted by Juliano (1966), LS on a dry weight 
basis. Values obtained for IR480-S-9 (Brown) were therefore 
compared to the maxLmum and minimum values for 'Brown' rice. 
Comparison of percentage availability from Escherichia coli 
assay and published data is shown in Fig. 6.26. 
In as much as the digestions and analytical procedures are the 
same here as for Lys and Met, there is every reason to believe that 
these Trp results are equally reliable. however, Ln the absence of 
comparative data it is difficult to verify this. Once again, the 
availability of the amino acid in the brown rice seems to be low; 
this could be due to an inadequate digestion procedure but it could 
also arise from lack of data on total Trp for this variety, for 
if the actual Trp contents for IR480-5-9BR are lower than other 
brown rice varieties the availability figures quoted would be 
correspondingly higher. 
Results might have been higher if different enzymes or 
combinations of enzymes had been used, or if samples had been more 
finely ground. 
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Table 6.24 
Tryptophan Content Of Rice Samples - Comparison Of Results 
Sample 
INTAN 
IR480-5-9 
IR480-5-9 c 
BP76-l 
-a 
b 
-
c 
Total 
g/16g N 
1.35 
0.97 
Bressani ~ a1. 9 
b 
Total 
g/16g N 
1. 29 
1. 38 
0.92 
1971 
Hegsted & Juliano, 1974 
Not reported ~n literature 
No values for this variety. 
12% 
II 
Escherichia coli 
enzyme assays 
g/16g N (dry wt.) 
1.16 
1.19 
1.19 
a = .02 
m = 1.1&=' 
v = 0.0003 
1.21 
1.08 
1.13 
a= 0.07 
m = 1.14 
v = .004 
0.691 
0.950 
0.745 
a 0.14 
m = 0.80 
v = 0.019 
0.948 
0.895 
0.764 
a = 0.1 
m 0.87 
v = .009 
moisture 
II fl 
Unspecified brown rices = 1.15 - 1.50 g Trp/16g N 
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o;© Av rJ~ lab~ li ty (b) 
Assay Of Tryptophan In Rice Digests C:Ompariso~, Of 
B -·gal-?..ctosidase Results \Vi th Published Chtao 
Comparison of available Trp in rice • .vi th published datao Values 
taken from Tnble 6o25~ (a) Data from 3r<:>ssani etoaL (1971) 
(b) Data frO'Il Hegsted and-Juliano (1974)o 
No published d<ita ~.s available for IR 480-5·-9 or IR 480=5~9 (brown) 
273 
Table 6.25 
Comparison Of Escherichia coli Enzyme Assay 
And Published Data For Trp In Ric~ Samples (Dry Weight Basis) 
a b E. coli % Availability 
Sample g/16g N g/16g N Value From a) From b) 
INTAN 1. 51 1.44 1.16 76.8 80.6 
1.19 78.8 82.6 
1.19 78.8 82.6 
IR480-5-9 1.54 1.21 78.6 
1.08 70.1 
1.13 73.4 
IR480-5-9 .691 c(60.1) d(46.1) 
(Brown) .950 (82.6) (63.3) 
.745 (64.8) (49.7) 
BP-76-1 1.09 1.03 .948 87.0 92.0 
.895 82.1 86.9 
.764 70.1 74.2 
a Value from Table 6.24 converted to dry weight 
b Value from Table 6.24 converted to dry weight 
c Value calculated on basis of minimum for brown rice (1.15) 
d Value calculated on basis of maximum for brown rice (1.50) 
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Ford (1964), showed that with whale-meat meals and fish meals, 
especially those of poorer quality, grinding finely increases the 
values for available amino acid (Lys. Met, Trp, Leu and Arg) content. 
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6-8 Assay of Vitamin B12 
6-8-1 Introduction 
The mutants that were isolated as auxotrophic for Met also 
responded to B12 • It was therefore important to establish the 
comparative sensitivity to Met and to B12 to determine the limitations 
of the organism to assay particular materials that could contain both 
compounds (such as blood plasma and other biological fluids). 
Earlier experiments (Section 4-3), established that the minimum 
concentration of vitamin 
PAOlll (Met Lys-), was 
tube growth. 
B12 required to 
-10 10 M for plate 
support good growth of strain 
-12 growth and 10 M for 
6-8-2 B -Galactosidase Assay For Met and B12 
Strain PAOlll and strain 113-3, isolated by Davis & Mingioli 
(1950), (NCIB 8134, ATCC 10799), which has been extensively used by 
others, 1n Met assays; were tested simultaneously for B -galactosidase 
production 1n response to B12 or Met. Cells for Met assay were 
grown in Met. Both strains showed an identical response to Met 
(Fig. 6.27). However, using B12-grown cells, a B12 assay was 
unsatisfactory because of high background enzyme levels (i.e., 
controls with no added B12). It seemed possible that the normal 
sixty minute starvation period was inadequate for depletion of 
residual B12 1n the cells, therefore an experiment was carried out 
to quantify the response to endogenous B12 after 50, 60 and 120 
minutes starvation. After 60 minute starvation, 71.6% of the zero 
time response was obtained but this fell to background levels i.e., 
less than 1 percent after 100 minutes of starvation (results not 
shown). 
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1·6 
0 0 0002 0 002 
CONC MET ( mM) 
FIGURE 6.27 Response Of Two Methionine Auxotrophs To Met. 
Response of strains 8134 (10799)? 1\Jet-0 and Pi\0111? Lys Met !:1, 
Cells were uro""n in Met and starved for 60 min to remove 
response to e:Jdogenous Met and f'let wa.s assayed by the normal 
method (section 3-4) • 
See also Fig • 6 .10 • 
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Thus, the normal starvation time is inadequate for B12 and high 
blanks will arise. Starvation periods of two hours or more, although 
adequate, would prolong the total assay time which is undesirable. 
Therefore, it was decided that even when assaying for B12 , cells 
would be grown on Met and starved for sixty minutes. However, the 
kinetics of enzyme synthesis in response to B12 was different with 
cells subject to prior cultivation 1n Met. After 90 minute protein 
synthesis there was only about 75% of the yield from a given B12 
concentration as compared with cells grown in B12 and starved for 
2 hours (Fig. 6.28). Therefore, it becomes unavoidable that the 
total assay period must be extended and so, arbitarily, to maintain 
sensitivity of the B12 assay, protein synthesis times were increased 
from 90 to 120 minutes. 
6-8-3 Applications of B12 Assay 
These studies showed that the mutants could be used to assay 
vitamin B12 by a modification of the standard method. In certain 
materials however, Met and B12 may both be present and whether either 
could be assayed individually in such samples would depend on their 
relative and absolute amountstaking into account the relative 
sensitivity of each assay. Thus, 0.1 ml of .002mM Met is sufficient 
-14 
to give a detectable enzyme yield whereas 5 x 10 M Bl2 
7 will elicit a similar response (i.e., the assay is 2.5 x 10 times more 
sensitive to B12 than it is to Met). 
Preliminary studies arrived at applying the procedure to the 
assay of B12 in se.ra are described in the next Section (fi-9). 
A 
2·k 
0 2·0 ~ 
LU 
1·6 
0 50 100 
M~n 
[8 
0 
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l 
so 
c 
0 so 
l 
100 
M~n. 
FIGuRE 6.28 Kinetics Of Synthesis Of ()galactosidase In Pesvmse 
To B12Using Cells Previously Grown In Met(A & B) 
Or In B12 (C). 
Er.zyme Wi.is assayed by standard procedure (section 3-4) • Arrow 
indicates 90min time .·Graphs show that when cells 
were grown up in !'viet 9 to remove the requirement for long stc.rvation 
periods 9 it is necessary to increase the time for protein 
synthesis from 9U to 120 min. 
Strains used: (A) 8134 9 Met- 9 
(C) PAOlllLys Met 
6-9 Assay of Serum Vitamin B12 
6-9-1 Introduction 
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Vitamin B12 was first isolated in 1948 as cyanocobalamin, it 
is now thought (Matthews, 1979), that only very small amounts of 
this compound are found in the body, and that human serum contains 
several different cobalamins, the main ones being methyl- and 
hydroxy- forms. 
Early attempts to assay blood sera for B12 levels involved the 
use of micro-organisms with a requirement for B12 for growth. 
Initial assay results were unreliable because of interference from 
other compounds in the sera. The various organisms used differ in 
their sensitivity and specificities to cobalamins, thus, to obtain 
specific and quantitative results, it is essential that the assay 
and sample treatment selected are capable of yielding the 
information required. 
Vitamin B12 and many B12 analogues are wholly or partially 
bound to protein in sera. In the human stomach free vitamin B12 
attaches itself to intrinsic factoLpa mucoprotein. In many complexes 
the B12 1s not available to micro-organisms and pretreatment by 
heating with cyanide under acid conditions is often used to release 
bound B12 and convert other compounds to cyanocobalamin (Girdwood, 
1963). OR-cobalamin is readily inactivated by heat but in the eN-
form it is heat stable. 
Detailed accounts of microbiological assays for B12 are found 
in reviews by Hutner ~ ~·· (1958) and by Shaw & Bessel (1960). 
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The protozoan Ochromonas malhamensis is one of the most 
specific organisms known and has been used to measure B12 in crude 
extracts and in the presence of "B12-like compounds", growth being 
estimated after 24 or· 72 hours by turbidity (Ford, 1953). However, 
it is relatively insensitive. 
Mutants of Escherichia coli, (113-3, (NCIB 8134), Davis & 
Mingioli, 1950), have been used to assay B12 by plate disc assay or 
by tube assay in which response to B12 was measured turbidometrically 
(Johansson, 1953). However, the organism is not specific for B12 
in that it does not require the nucleotide portion in order to give 
a response (Shaw & Bessell, 1960) :• and problems caused by its dual 
response to Met as well as B12 have been discussed. 
Lactobacillus leichmanii has been used to determine serum B12 
levels, B12-dependent growth is measured either turbidometrically 
after 24 hours, by acid production after 3 days incubation (Spray, 
1955), or after 5 hours using a particle counter (Stuart & Sklaroff, 
1966). However, the complex growth requirements, lack of sensitivity 
and specificity of these organisms make B12 determination difficult. 
Because this organism grows at low pH values, microbial contamination 
during the assay period is reduced and hence the sterilization step 
can be omitted allowing the study of unbound B12 - free from the 
bound form. 
Euglena gracilis (strains t, bacillaris and especially z) have 
been widely used. They have the advantage of sensitivity and 
specificity but a 7 - 10 day incubation period is required (Chiao & 
Peterson, 1953). 
-1 ( 5 pg ml ). 
The z strain responds to less than 5 ~1 g ml 
----------------------------
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There are numerous references where modifications of these assay 
methods are discussed, results compared, etc. One recent reference 
suggested that the only way to increase the accuracy of Lactobacillus 
assays was by the use of an autodiluter to add samples to the plate 
cups, (Tennant & Withey, 1972). It seems that future improvements 
may result from the selection of suitable assay strains rather than 
development of mechanical devices to replace manual operations that 
should be accurate anyway! 
A new approach to B12 assay was introduced by Barakat & Edkins 
. 1961 h' . 1 h f 57 b 1 . f 1n • T lS 1nvo ves t e use o Co-cyanoco a am1n or a 
radioisotope dilution assay (RID). The principle of these assays 1s 
that serum B12 is extracted from its complex with protein by boiling 
at acid pH. 57 A known amount of Co-B12 is then allowed to compete 
with the extracted B12 for binding to a limited amount of vit B12-
binding protein (Intrinsic factor, chicken serum or toadfish serum). 
Finally, bound and free portions of vitamin B12 are separated by 
57 
adsorption. Measurement of the amount of Co-B12 that is bound 
allows determination of the degree of radioisotope dilution and 
hence the amount of serum B12 present, by reference to a curve 
constructed from a series of standards. 
Many papers comparing RID and microbiological assays for B12 
have appeared (Raven et al., 1972; Green et ~·, 1974). RID assays 
give a higher range of values for normal individuals than do 
microbiological assays and numerous modifications have been 
published. 
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The main problems seem to be: (a) the relative non-specificity of 
the binder used; (b) the possible presence in serum of biologically 
inactive analogues which may bind to protein; (c) the cost of the 
assay - which four years ago was in excess of £1.00 per test 
(Dr. Qureshni - personal communication); (d) the time required to 
carry out a batch of RID assays is fairly long, (one complete 
working day). 
It is apparent, therefore~ that these assays have disadvantages 
and there is a general reluctance within the medical profession to 
use them (Dr. Qureshni- personal communication). 
An anonymous contributor to Nutritional Reviews (1979), stated 
"Such (RID) assays have been commonly employed for several years and 
yet only now are their pitfalls, and the biochemical basis thereof, 
becoming truly understood". 
Apparently therefore, there is still the need to improve B12 
assay and because the mutant strain PAOlll responded satisfactorily 
to both B12 and to Met, a preliminary investigation was carried out 
to determine if the B-galactosidase procedure could be used to 
assay serum B12 levels. Selective acid or alkaline degradation of 
B12 in sera was not feasible (see Section 6.10), nor were initial 
attempts at genetic manipulation to obtain a strain responding only 
to one of these alternate growth requirements. 
6-9-2 Materials 
Crystalline B12 (Cyanocobalamin), was supplied by Sigma Ltd. 
Therapeutic doses of B12 (250 1-l g ampoules), Cytamen, produced by 
Glaxo were kindly supplied by Dr. Qureshni, Haematologist, Freeman 
Hospital, Newcastle Upon Tyne; as were a variety of human sera that 
had been assayed using the RID method. 
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6-9-3 Methods and Results 
Dilutions of the Cytamen standard were made and their activity 
compared with the normal standard prepared from crystalline B12 • 
At the appropriate, equivalent dilutions they both had the same 
activity in the 8 -galactosidase assay; indicating that there were 
no interfering compounds in the B12 standard. 
By taking the average range of B12 (500 
-1 pg ml , 0.36889 X 10-9~) 
and (3.4 -1 10-7M) levels in normal sera, it Met )Jg ml , 0.228 x can 
be calculated that when such a sera is assayed at 1; 100 dilution 
using strain PAOlll about 80% of the enzyme response will arise from 
Met and 20% from the B12 • However, because both can vary independently 
1n sera it is theoretically impossible to measure each alone. 
In the preliminary study, six human sera were supplied; these 
had been assayed for B12 using a RID method but their Met levels were 
unknown. When they were each diluted 1; 10o0 and known amounts of 
B12 were added to each there was a good quantitative response to 
these incremental values of B12 (90 = 95%), in all but one case. 
This sample was subsequently assayed at l/10 and 11100 dilution 
but no enzyme response was obtained; th~ sample clearly contained 
an inhibitor, possibly the patient had been on antibiotic or drug 
therapy that inhibited enzyme production. 
One ~ample, later found to have a very high B12 content, (RID 
result), was assayed at a dilution of 1; 1000 and a linear response 
was obtained over three concentrations. On the assumption that 
the response arose from B12 alone, the value derived from the 
(3 =galactosidase assay was very close to the hospital val\.1e. 
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It seems likely that because the sample was high in B12 , its free 
Met content had been diluted out below the sensitivity of the assay 
for Met and therefore~ the response was essentially that of B12 -
but without actual values for Met in the sample it was impossible 
to confirm this speculation. 
Because most of the B12 ~n sera is bound, the vitamin was 
first extracted: 1 ml of sera was boiled with 1 ml HCl in the 
-1 presence of 20 mg L KCN to release bound B12 and convert all 
cobalamins to cyanocobalamin. Solutions were then neutralised with 
known volumes of pH 10.0 buffer~ prior to assay. 
6-9-4 Conclusion 
Further work needs to be carried out to determine whether the 
S -galactosidase assay of serum vitamin B12 is feasible. The 
method does have certain inherent advantages over other microbiological 
assays in that the sensitivity is greatly increased over growth 
methods allowing higher dilutions to be employed. Another important 
advantage that Escherichia coli has over certain other proteolytic 
B12-assay strains is that it will not liberate bound vitamin. This 
capacity s which varies in different organisms~ 1Uay IDean that __ par-t, 
but not all, of the bound vitamin may be liberated. This will not 
occur when Escherichia coli is the assay organism. The extraction 
procedure described can be carefully controlled. 
The sensitivity of the 13 =galactosidase assay for B12 warrants 
further study. Problems in assaying either Met or B12 alone when 
they are both present has been discussed (Section 6-8-2). 
In the following Section (6-10) 9 work is described in which 
selective degradation of either Met or s12 is examined. Following 
this 9 another approach~ also described 9 is the genetic manipulation 
of strain PAOlll to obtain an assay organism that would respond 
solely to B12 . 
6=10 Attempt ro Devise A Selective Assay For Eithe~ M~t Or B 12 
6=10~1 Introduction 
Strain PAOlll 0 and each of the other three Met au~otropha 
isolated originally~reaponded to both B12 and to Met. Therefore 0 
although the biological distribution of B12 ia limitedp in samples 
such as mammalian body fluidsp where bgth compounds may be present 
in various relative concentrationsp results of assays for Met would 
be impossible to interpret (Section 6~9) 0 consequentlya a variety of 
methods were investigated with the aim of selectively destroying the 
biological activity of either Met or a12 in variol!s teat samples. 
6=10c2 Selective Degradation of Met or a12 In Blood Sera 
Performic acid i~ a Atrone oxidising agent which will convert 
Met to methionine eulphone (Met (O;l)). Thia compound ""?ill not 
replace Met for growth or enzyme synthesis in strain PAOlll. Far 
descriptions of preparation methods far perfarmic acid oxidation of 
Met ~ee Section 5~2. Met and B12 were subjected to performic ac~d 
oxidation to determine their relative stability. 
In a series of experiments 0 it; was found that 10~4M was the 
minimum -concentration of performic ac:id able-to destroy the activity 
of a 10~11M solution of B12 (0.4 ml of 10=4M performic acid added 
~11 0 to 4.6 ml 10 M a12 ~eacted at 0 C for 90 minutao) (Fig. 6~~9). 
Howeverp thin treatment cauood p2rtial oxidation of a 0.004mM 
aaludon of Met:. The rnBximum concentrat:l.on of podorm:l.c add that 
d:l.d not lot~or Met activity under thNlO cond:i,donn was 10~8M (Fig.6.30). 
~4 
;b'u:rthol:'morcp ~vhnn :t.O M pcrformio ac:i.cl~t:relltod nr,mpJ.en wor.c 
oval:' crf the o:ddioing ap,ent affected the cmreymA tMJAay. 
·4 
0 
FIGURS 6.29 
·2 
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· 4 ·6 ·S 
Assay vol 812 {ml) 
1{J 
Effect Of Performic Acid On Lo£s Of Activity Of 
Vitamin s12 in B-galactosidase Assay. 
Volumes of s12were assayed; untreated~, 0.4ml performic acid 
at various concentration was added to 4.6 ml J.o-11M E12 solution, 
re.::,cted :for 90 min at room temp (22°C) 9 neutralised and assi'\yed by 
11 
standard method. -·4 Performic acid concen·::rai ions used were 10 M !),~-&» 9 
All solutions were diluted 1/1000 after treatment and prior to assay. 
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1·2 
·6 
0 ·2 ·4 o6 ·8 1°0 1· 2 
Assay vol Met (ml) 
FIGURE 6 • .30 Effect Of Performic Aci~ On Loss Of Activity Of 
Met In B -galactosidase Assay. 
Volumes of J'VIet (4.6rnlp 4nM) untreated~ P and reacted with 0.4rnl 
performic acid at stated concentratior,s at room temperature (20-22°C) 
were nPutralised and assayed by standard p_roccclure (section 3--4). 
-4 -'j 
10 M o--o, 10 M [}---[), 
-H 
dlltl l<l 1"1 .A~. 1\l.l a~:-.ays W<T<' c;~r-ril'd nut in dupli.c;,tc hut for cL;u-ity 
mean values only ar~C~ shown. 
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This approach was, therefore, not p~rsued, but alkaline degradation 
of B12 was investigated. 
B12 is known to be labile in the presence of alkalis (Sebbrell 
& Harris, 1954). O.Ol5M NaOH is quoted as causing a 90% decrease in 
vitamin B12 at room temperature in 23 hours. Therefore, to try and 
selectively destroy B12 , 1 ml of 1M NaOH was reacted in duplicate 
with B12 solution (4.0 ml), at 10-
6
, 10-7 and 10-8M. One duplicate 
was incubated at 37°C for 90 minutes, the other at room temperature 
(20°C), for 90 minutes. Solutions were then diluted for 
B -galactosidase assay; when diluted, the three had pH values of 
7.0, 8.0 and 9.0 respectively. Results showed that by using the 
highest alkali concentration it was possible to degrade selectively 
and completely vitamin B12 at room temperature (i.e., zero response 
in B -galactosidase assay). At a reaction pH of 13.0 the time of 
contact with alkali could be decreased to 30 minutes at 37°C. Under 
the conditions described, Met was stable (Fig. 6.31). Potentially, 
therefore, this procedure could be applied to test samples whose 
composition approximated to that of the controls. However~ when 
blood sera containi~g Met and B12 were treated in this way, there 
was precipitation of blood proteins which interfered with the results. 
Furthermore, the levels of alkali that were necessary to destroy 
known amounts if B12 added to sera of patients with pernicious 
anaemia (known low B12 levels), were such that on dilution for enzyme 
assay there was unacceptable enhancement of the colour of the 
liberated o -nitrophenol. 
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1·2 
·2 
0 ·2 ·4 ·6 ·8 1·0 
Ass~y vo~ s12 {ml) 
FIGURE 6.31 Assay Of 812 After Treatment With Sodium Hydroxide. 
-8 l ml 1M NaOH was reacted with 4.0 ml 10 M 812 at room temperature 
(20-22°C), for 90 min. The solution was then diluted to give a 
l0-12M solution (if there had been no destruction of the 812 
3 
activity this would be ca.lO times too concentrated to assay )-
and the enzyme response was assayed in the normal way (section 3-4). 
Treated B12.fu====m 9 Untreated control - assayed at 10-lSM ~. 
4 mM Met treated in the same way and assayed after dilution 
lost none of its activity (data not shown - see text for details) 
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It was concluded, therefore~ that the selective degradation 
of B12 worked out for control solutions was not applicable to blood 
samples, although it might be possible to assay for Net after 
destruction of B12 in other material of lower protein content, 
provided the alkali was neutralised prior to the enzyme assay. Thus~ 
an alternative approach was investigated. 
6~10-3 Genetic Manipulation To Obtain Assay Strain 
An alternative to trying to selectively degrade either Met or 
B12 is to try and obtain a strain that has lost the ability to 
respond to one or other of these nut:r:Lents, One way in which this 
might occur is in a transport mutant that fails to take up the 
nutrient. It is known that the gene (ton B)~ which is associated 
with vitamin B12 uptake and utilisation (Kadner & Bassford, 1978; 
Kadner & McElhaney, 1978), maps near the opp (oligopeptide permease), 
at 27 minutes on the Escherichia coli chromosome (Bachmann & Brooks-
Low, 1980). Therefore~ an attempt was made to isolate an opp- strain 
from PA0111 and to test whether its response to the vitamin was lost. 
108 cells of PAOlll grown to exponential phase were spread on 
8 plates containing Lys w Met (0.5mM), and allowed to dry fqr 15 
0 
minutes at 37 C. Triornithine (Orn3)~ at an inhibitory concentration 
10 f.! L, lOmM (Payne, 1968), was spread ont.o the centre of each plate 
and after incubation overnight at 37°C~ each plate showed confluent 
growth with a central region of inhibition around the Orn3 , that 
contained many small colonies. The surface. only of each of 34 of 
these colonies was removed (to avoid background growth), and they 
were each resuspended in 0.25 ml sterile distilled water. 
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0.01 ml samples from each were then plated out, in triplicate, onto 
1 (0 . 'd d l0-10 Lys plus Met or Lys plus B12 p ates .SmM am1no ac1 s an M 
B12), i.e., minimum concentrations that will support good growth on 
plates. All of the triornithine resistant colonies grew on this 
concentration of B12 , indicating that the mutation had presumably 
not affected the ton B locus and the cells, therefore, were able to 
utilise B12 • 
Subsequently, an attempt was made to isolate a strain that 
responded to Met but not to B12 by two Ampicillin enrichments 
-1 (200 Jl g ml ) , in the presence of B12 (minimum concentration that 
-12 
would support growth in tubes 10 M), and imtermediate growth 1n 
Met each time (Section 4-2-2). Treated cells were plated onto Lys 
-10 plus Met (0.2mM), plates and replicated onto B12 (10 M). The 
experiment was repeated several times but no colonies responding 
to Met but not B12 were isolated. 
The uptake of vitamin B12 is complex and various components 
are involved, also the B -galactosidase assay is very sensitive 
-14 (0.1 ml of 10 M B12 can be detected). In retrospect, it seems 
likely that even if the main uptake sites were impaired, sufficient 
molecules of the vitamin might still enter the cell to elicit a 
response. Therefore, as an alternative it was decided to try and 
obtain a mutant that had selectively ~ost the ability.to respond 
to Met. 
6-10-4 Met Uptake In Escherichia coli 
The uptake of Met is fairly well documented. There are thought 
to be two uptake systems; the Met D locus cqdes for the high affinity 
L~Met transport system (K 
m 
0.13 Jl M), this lies between the ton 
A and pro A loci and is also responsible for the transport of D-Met 
and N-acetyl Met (Kadner & Watson, 1974). 
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The low affinity transport site (Met P) ~ has a Km of 20 IJ M and, as 
yet, is not mapped (Kadner, 1974, 1977). 
Cells with a mutation in Met D no longer grow on D-Met or N-
acetyl methionine as a Met source and the high affinity uptake of 
L-Met is lost. However~ although L-Met is a potent inhibitor of 
D-Met uptake, D-Met has little or no effect on the uptake of the L 
isomer. Competition between L and D Met indicates that there are 
two separate binding sites. The D-Met site also appears to be 
involved in the binding of methionine sulphoxide, methionine 
sulphoximine and N-acetyl methionine. Cells defective in the Met D_ 
site frequently show analogue-resistant properties - being resistant 
5 1 h . . 1-l d 500 h 1 1-l to 0 l-l g Met su p ox1m1ne m an l-l g a -met y Met m . 
The aim, therefore, was to select a mutant defective in both 
the Met D and Met P sites, which would not respond to Met but the 
response to B12 would, hopefully, be intact. 
6=10~5 Methods and Results 
During selection for transport-deficient mutants, the minimum 
concentration of L-Met, D-Met and B12 , which support good growth, were 
used. These were for L and D~Met in tubes 10-SM and 2 x 10-SM in 
-
plates and for B12 lo-
12M and lo-10M for t~bes and plates respectively. 
It was demonstrated prior to replicating the mutants that when 
1 . . f 1 . . lo-10 . . 1 1 rep 1cat1ng rom a p ate conta1n1ng __ M B12 to a m1n1ma p ate 
any carry-over of B12 was insufficient to support visible growth of 
the auxotrophs. 
The selection procedure for strains able to respond to B12 but 
not to D or L-Met was carried out in two pa~ts. 
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First, cells were mutagenised with nitrous acid as described 
previously (Section 4-2-2), with two Ampicillin enrichments and the 
cells were selected for their inability to grow on D-Met by replica 
plating. Cells were grown before, and between enrichments in L-Met 
(so that cells unable to utilise the D isomer grew), and they were 
selected by incubation in O.OlmM D-Met for three hours, before 
-1 
enriching with Ampicillin (200 \l g ml ) . 
After two cycles of enrichment and selection, cells were plated 
. . 10-lO B d 1' d 1 . . onto agar conta1n1ng M 12 an rep 1cate onto p ates conta1n1ng 
-s 2 x 10 M D-Met. Several presumptive colonies, unab~e ~o grow on 
D-Met were obtained. However, some of these grew when transferred 
from the maste~ plate onto fresh D-Met plates. Other colonies grew 
very slightly on this concentration of D-Met. However, when 
8 
approximately 10 cells, regrown from each of these latter colonies 
were added to separate tubes containing A medium, Lys (lmM), and B12 
-10 -1 (10 M), together with inhibitors (Met sulphoximine, SO )J g ml , 
-1 ~-Methyl Met, SOO \lg ml ), growth occured in each case, 
suggesting that the cells were inhibitor resistant. 
minutes, to allow thorough drying of t_he inQculated plates, s IlL 
spots of inhibitors (SOO and 100 \lg Met 1 h . . 1 =l SU p OX1m1he m and 5000 
and 1000 -1 added to the plates. After \l g a-methyl Met ml ). were 
24 hours incubation at 37°C. zones of inhibition were evident around 
the methionine sulphoximine (highest concentration only), spot. 
The experiment was repeated but using this. inhibitor only at a 
-1 
concentration of SOO \l L of 500 \l g ml spread onto the surface of 
the plate. 
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After incubation~ inhibitor-resistant colonies were seen. These 
were picked from the plate~ purified (since the inhibitor is 
bacteriostatic and background ~ells were picked up), and its growth 
on D-and L-Met rechecked. Tests were also carried out to ensure 
that the sulphoximine-resistant cells were not deficient in the 
glutamine uptake site. 
After repeating the tests several colonies were isolated, 
resistant to a-methyl Met and Met sulphoximine at the concentrations 
described. However~ none showed complete lack of growth on D or L 
Met. When they were used for B -galactosidase assays they showed 
a response (enzyme yield)~ to Met equivalent to that of the parent 
strain. This indicated that although in these mutants their Met D 
uptake sites may have become defective, sufficient Met could still 
be accumulated to allow the enzyme to be synthesised. Further 
attempts to isolate the desired mutants were made on two separate 
batches of mutagenised cells without success. 
6-10-6 Conclusions 
It proved to be impossible using simple selection procedures 
to isolate a mutant strain that utilised B12 for its auxotrophic 
requirement whilst being unable to utilise Met. 
The strain required would have to carry multiple mutations 
since Met uptake is controlled by genes in at least two distinct 
loci. There is also tentative evidence that other uptake routes 
may be used~ for example~ Met can enter via Leu permease. Since a 
specific selection procedure was unavailable~ this work was 
discontinued. 
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No further attempt was made to try and isolate the opposite 
mutation (response to Met but not B12 Section 6-10-3)~ since the 
sensitivity of the enzyme assay to B12 is such that the uptake of 
B12 is unlikely to be adequately blocked (DiMasi~ al., 1973; 
Kadner, 1978). 
However, this double response does lead to certain limitations 
in the use of the strain PAOlll to assay Met in particular 
circumstances. These problems were discussed in Sections 6-8 and 
6-9. 
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6-11 General Conclusions 
A strain of Escherichia coli, (M2626), auxotrophic for Lys has 
been mutagenised and from this two mutants, each with a double 
auxotrophic requirement have been isolated. One strain (PAOllO), ~s 
a double mutant auxotrophic for Lys and Trp. The other (strain 
PAOlll), is auxotrophic for Lys and Met. Both strains can be used 
to assay for their respective amino acids by the B -galactosidase 
procedure. The final enzyme yield has been shown to be unaffected 
by concentrations of nutrients in excess of those likely to be 
encountered in a digest (see Section 6-1). The strain PAOlll has 
the potential disadvantage that it responds both to Met and to s12 
and thus, if both substances occur in a sample, interpretation of 
the results is not at present possible. 
CHAPTER SEVEN 
CONCLUDING DISCUSSION 
Concluding Discussion 
7-1 Introduction 
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There is a frequent need to assess the nutritional quality of 
a protein. This value being dependent on the quantityp availability 
and proportions of the essential amino acids comprising it, and 
for optimum utilisation, the presence of sufficient non-essential 
amino acids. Total protein is assayed chemicallyp usually by the 
Kjeldahl procedure, but quality can be assayed by using a variety 
of chemical or bioassay methods. 
The advantages and disadvantages of-many of the commonly used 
methods were discussed in Chapter 1. Biological methods are 
inherently slowp imprecise, labour intensive, subject to many 
uncontrollable variables and expensive; thus there are potential 
advantages in alternative microbiological methods. 
A problem that is always likely to be present with any protein 
assay is its value as a predictor of nutritional value for a 
particular species. Thus some might argue that a microbiological 
assay would not predict the value of a food source for say the rat, 
chick or for humans_. 
However, similarities between the amino acid and peptide 
transport systems of the intestinal bacteriumEscherichia coli and 
those of the mammalian gut (Section 3~1-1), recommend this organism 
as a tool for assaying nutritional value. Results described for 
the assay of heat=treated Lys samples (Sec_tion 6=3), show a response 
is obtained only to "available" residues as would be found for 
animals. 
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7-2 The Use Of Escherichia coli As An Assay Organism 
Various 'natural' amino acid auxotrophs have been used for 
amino acid assay and these are discussed in Chapter 1; (Sections 
1-5-2-1 and 1-5-2-2); on balance Escherichia coli has a number of 
advantages for amino acid assays. 
There has, however, been a general reluctance for scientists 
engaged in biologically related amino acid analysis, e.g., in quality 
control, to use microbiological assays. In part, this arises 
because of problems associated with using unfamiliar organisms, such 
as the protozoan, Tettah)inlena. Ofher difficulties arise from the 
complexities of the growth media required, e.g., with the 
Lactobacilliaceae; and the variations in response to a given amino 
acid arising from changes in media conposition. 
Many of these difficulties are removed if Escherichia coli 1s 
used as the test organism. It is easy to grow on simple media, non-
pathogenic, much of its metabolism is understood and perhaps most 
importantly, it is readily subjected to genetic manipulation. 
Hence, characteristics can be introduced to tailor it as a specific 
assay organism. 
In this thesis assays for Lys, Met and Trp were described but 
given the ease of genetic manipulation and the detailed knowledge 
of- it-s linkage-map and metabolism it is possible to select other 
amino acid auxotrophs of interest e.g., Thr and Ile. Ideally, 
the strain should have a block in the last enzyme of the particular 
amino acid biosynthetic pathway so no metabolic precursors could 
substitute. 
For a given amount of the required amino acid, the extent to which 
it is catabolised will influence the level of protein synthesis. 
Hence, in an auxotroph specific degradative enzymes for the amino 
acid may be repressed and thus catabolism maintained at a minimum. 
For example, it may be advantageous to construct an auxotroph with 
an additional mutation in the first step of, say, the Lys catabolic 
pathway (Saccharopine dehydrogenase); provided that such catabolism 
is not required to produce an essential metabolite. 
Other mutations could be introduced into the test strain; for 
exa~:ple, antibiotic resistance: if the strain were resistant to, 
say, tetracyclines or chloramphenicol then e.g. the initial 
digestion of test sample, amino acid starvation, and the amino 
acid-dependent protein synthesis could usefully be carried out in 
the presence of the relevant antibiotic. Hence, incubation times 
could be increased without danger of contamination. 
Ideally, the assay strain must be stable and deletion mutations 
are therefore ideal. However, point mutations, for example to amino 
acid auxotrophy, have typical reversion rates of 1 in 5 x 107; at 
this frequency there are no pro~lems fqr use as a test organism-
provided the cultures are maintained in the presence of excess 
amino acid. 
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7-3 Choice Of Assay Enzyme 
The advantages of measuring amino acid-dependent enzyme 
synthesis rather than growth have been discussed (Section 3-3). 
The inducible enzyme 6 -galactosidase was selected for this study 
and it was found (Fig. 4.2), that the relative sensitivity of the 
assay to Lys, Met and Trp was inversely proportional to the 
distribution of these amino acids in the (3 -galactosidase molecule. 
The ratios of Lys : Met : Trp residues in S .,..galactosidase 
are 29 : 24 : 35 (1 : 0.83 : 1.21), (Table 4.1). Hence, for a 
given number of residues of, say Trp, in a test protein there will 
be fewer 6 -galactosidase molecules synthesised than from an equal 
number of Lys or Met residues, since the enzyme contains more Trp 
residues. This assumes that identical proportions of each amino 
acid supplied are used to synthesise the enzyme. 
In Figure 4.2 the ratio of the slopes (A) for Met : Lys are 
2~1 : 1.7 = 1.24 : 1 and the ratio of Lys : Met residues in the 
enzyme are 29 : 24 = 1.25 : 1. Similarly, ratios of the slopes (B) 
for Lys : Trp are 1.75 : 1.~1 = 1.3 : 1 and the ratio of these 
residues in the enzyme molecule are 35 : 29 ~-1.21 : 1. 
Seemingly, therefore a similar proportion of each amino acid 
is used to synthesise the enzyme. 
How closely this relationship between the sensitivity of the 
assay and the concentration of that amino acid in the S -galactosidase 
molecule would hold for other amino acids is not known, but it might 
reasonably be expected to be a fairly general observation. 
Furthermore, the response to a given amount df Lys, Met or 
Trp in free form or as small peptides, supplied alone or with a 
complex mutrient mixture, is constant. 
Thus, eliminating the need for complete protein digestion and 
allowing assay of typical biological samples e.g. rices, meals and 
similar samples high in carbohydrate or fats, etc. 
Other enzymes could be monitored which may lead to increased 
sensitivity. It has already been demonstrated that amino acid 
dependent synthesis of derepressible alkaline phosphatase can be 
p\...cs.pl.c. tD 
carried out, the enzyme being assayed with cr -nitrophenolA as 
substrate (J.W. Payne- personal communication). The sensitivity 
of the assay could be increased by the use of fluorogenic, rather 
than chromogenic substrates. 
Radio-active incorporation methods (Section 1~5-3-2), have a 
sensitivity comparable with those based on enzymic assays. Extensive 
investigation followed by suitable collaborative trials would be 
necessary to assess the value of these alternatives. 
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7-4 Automation 
If an assay method is to gain acceptance as a routine screening 
procedure it must not only be reliable, specific and sensitive but 
the technique should be as rapid and simple as possible. The 
procedure described in this thesis has the advantage that it can 
in principle be automated, thus allowing a steady throughput of 
samples. Given a supply of amino acid starved cells a digest can 
be assayed in under 2~ hours, hence at least two batches of sample 
could be analysed during one working day. 
7-5 Other Applications 
The emphasis herein has been upon amino acid assay and 
nutritional availability of feed proteins. However, amino acid 
levels in mammalian body fluids may be of interest in diagnosis 
or research. To give one example, Trp levels in human serum may 
be of interest to a clinician - Trp is unusual amongst am~no acids 
in that it is transported in blood largely bound to serum albumin 
-1 ((9- 16 mg L blood, 90% bound). Salicylates and fatty acids 
compete with Trp for albumin binding sites and drug-induced diabetes 
leads to Trp accumulation on fasting. 
The range of medical applications of the S -galactosidase 
amino acid assay need to be considered more fully although the 
presence of antibiotics or other drugs in the serum might render 
the method inapplicable for certain patients. 
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7-6 Assay Of Serum B12 
The results of initial work indicate that the assay described 
could be a useful method to measure serum B12 • Howeverp the problem 
of interference of B12-dependent protein synthesis by Met~dependent 
protein remains. In principlep if a mutant were isolated that 
responded to B12 but not to Met the problem would be overcome 
providing a very sensitive assay for B12 Ca. 100 pg will elicit a Bl2-
dependent enzyme response (Section 6-8-3). 
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7-7 Summary 
With the mutants described, the assay herein can be used to 
detect available Lys, Met or Trp in free form, as small peptides 
or in compound feedstuffs. The isolation of other auxotrophs would 
allow the method to be used for assay of other amino acids. The 
assay is rapid and has the potential for automation. The sensitivity 
is of the same order for each of the three amino acids assayed with 
ca. 1 -3' x 10 g eliciting a detectable response. This 
compares very favourable with a typical tube dilution assay (Section 
1-5~2~3), using Escherichia coli which would '# -'5 generally detect 0 -·-~/f.zlUO .J 
.)2 1 of amino acid. 
In a feed meal, such as those described in Section 6-6, in 
which there is ca. 50% protein O.Smg meal is adequate to assay for 
all three amino acids, in duplicate at several concentrations. 
Similarly in a rice sample that is say, 5 - 10% protein, less than 
5.0 mg is theoretically required for similar analysis. It is of 
interest to note that the sensitivity of the assay is such that 
there would be sufficient p~otein in a single barley grain 
(weighing approximately 0.04 g), to assay for available Lys, Met 
and Trp by the S -galactosidase method. 
APPENDIX I ?IJ7 
S~~K~~K~ ~~ See Section 6-3-4 page 206 
Having read E420 and E550 and calculated the correct values as shown in 
preceeding table a least squares regression analysis was used to find 
true values of m (gradient) and c (intercept) for each line. Hence, the 
% decrease in Lys could be calculated for each sample. 
Gradient (m) = 
Intercept (c) = 
X 
o. 1 
o. 1 
0.3 
0.3 
0.5 
0.5 
0.7 
0.7 
0.9 
0.9 
Ex = -5;,0 
Ex2 = 3.3 
Exy - Ex Ey N 
N 
Ex Exy - Ey Ex 2 
(I: )2- NI:x2 
Unauto- 10 psi 10 psi 
claved x1, 10m x2, 10m 
- y y y 
o. 187 0.088 0.216 
0.200 0.217 0.203 
o. 715 0.553 0.394 
0.641 0.480 0.500 
1.208 0.918 0.934 
1.176 0.922 1.022 
1.398 1.393 1.424 
1.412 1.363 1.279 
1.722 1.693 1. 722 
1.962 1.832 1.736 
15 psi 15 psi 
x1, 30m xt,40m 
y y 
0.070 
o. 123 o. i95 
0.528 0.369 
0.,457 0 •. 491 
0.573 0.636 
o. 793 0.709 
1.097 1.006 
1.090 1.094 
1.429 1.372 
1.310 1.439 
r 0.987 0.996 0.992 0.985 0.991 r=Correlation 
R2(%) 97.400 99.240 98.440 99.010 98.200 coeffJ.cient.% 
va:l:"iance explained 
m 2.0125 2.04075 1.97075 1.6085 1.5830 (R2). 
c 0.05595 -0.0745 -0.0428 ~0.0643 ~0.0534 
y ::l mx + c 
If X = 0 
y 0 0.5595 -0.0745 -0.0428 -0.0643 =0.0534 
If X a 0.9 
y = 1.8672 1. 7610 1. 7309 1.3830 1.3713 
% Lys remaining 94.31 92.70 74.07 73.44 
% Lys loss 5.69 7.37 25.93 26.56 
APPENDIX 2 Actual results from an assay; see Section·6-3-4 
'1I.lHE I 1! 2 I 3 I 4 I 5 I 6 I 7 I 819 liD 1111 112 113 114 115 116 117 118 119 la:l 1121. 122 123 I~ 125 120 I'll 128 12.9 I:D 
Urnl!trr1 ami 
ne asmy I o.1 II o.J I o.5 I o.7 I o.9 
lilEdfun l/2DO 
10
¢ lDm:!n I ~ I 1 ~ I 0.1 I 03 I 0.5 I 0.7 I 0.9 xl 
lO psi 10 nm I I I I 1 1 I 0.1 I Q.3 I 0.5 I 0.7 I 0.9 x2 1 i I I i 
15 ¢l> rem I I I I 1 1 1 1 1 I I I I 0.1 I 0.3 I o.s I o.7 I 0.9 xl I I I i 
15¢.4Sm:!n 
xl 
O.OlmMcys 
0.1 I o.3 I 0.5 I 0.7 I 0.9 
0.1 I 0.5 I 0.9 I X I X 
ChrmdBd e·lfflt.715,1.JJ8 1.3381.722f.oo3f~f·9181.3931.00 Oa2i6f~f·~ 1.44) 1.722, - r~5'l8f.5731l.<Ylf.4Z3 f.aJO~r·635 i.ooo 1.372~F 1.2A2)g~ 
aYs b.2DO;O.W 1.1761.4121.903~.21.7~AID~.9921.3031.8'll o.an~..ml1.0721.2i91.7li~.1Z3~.457~.713~.m>l1.3lD ~195~o491~.7ffi 1.oJ41.439103YJ~9781.3:D~ 
va1us 
I 
All volumes made up to 2 mls. All treated at 1/100 dilution then diluted as required to assay 
w 
0 
00 
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APPENDIX 3 Calculation Of Lysine In Myoglobin Digest 
Molecular weight of Myoglobin 
Cone. Protein in digest 
But there are 19 moles Lys.mole 
Hence no. of nmol Lys 
From Fig. 6.18 
0 D 0.2 = 
0.55 ml digest 
-1 5.6 nmol Lys ml 
= 17,816 4 
= 1.7816 X 10 
-1 
= 1 mg ml 
myoglobin -1 
' 
= 10
6 
X 19 
1.7816 X 104 
= 1.066 X 10
3 
(final Volume) 
Hence 1 ml digest contains 5.6 nmol Lys = 1.02 x 10 nmol Lys 
.55 
at a dilution of 1 
100 
3 1 ml neat digest therefore contains 1.02 x 10 nmol 
Percentage Lysine detected 3 = 1.02 X 10 
3 1.077 X 10 
= 94.7% 
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APPE.!"\!DIX 4 Calculation Of Methionine In !'vlyoglobin Digest 
Molecular wt Myoglobin= 17~816 
=1. 7816 X 104 
Cone. Myo.in original digest -1 = 1 mg ml 
There are 2 moles of Met per mole Myoglobin~ 
hence no. of nmol Met 6 = 2 X 10 
1. 7816 X 104 
2 
= 1.122 X 10 
From Figure 6.19 
CJ D of 0.2 = .45 ml of 0.004 mM Met 
-1 
= 1.8 nmol ml 
0 D of 0.2 = .205 of Myoglobin digest (l. ) dilution 
10 
Hence, .205 ml of digest (diluted for assay) contained 1.8 nmol Met 
1.0 ml of neat digest therefore contained 1.8 x 10 
.205 
= 8. 78 x 10 nmol 
Percentage Met determined = 8.78 x 10 x 100 
1.122 X 102 
= 78.3% 
nmol Met 
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APPENDIX 5 Worked example for calculation of result from a meal 
digest (GNlOl) 
Sample GNlOl 
Digest 3? Assay 4 
Assay Organism PAOllO? Lys Trp 
Amino Acid assayed Trp 
Chemical Score -1 34 g Kg crude protein (N x 6.25) 
From assay result Fran statistical analysis 
(plotted graphically) 
X y (i.e. E420) mean y predicted y 
0.4 0.087? 0.103 0.095 
.0.969 
0.6 0.182 0.199 O.Jl.905 .1867 
0.8 0.251 0.295 0.2745 .2764 
Plotting lines and also plotting calibration curve for Lys: 
E420 = 0.2 
E420 = 0.2 
= 0 _003 ~mol Lys ml-1 (final concentration) 
= 0.525 ml (11- 10) GNlOl Digest in 2 ml final volume. 
0.525 ml GNlOl ( 1/ 10) = 0.006 ~mol Lys 
= 0.876 ~g Lys 
0.525 ml GNlOl ( Neat) = 8.76 ~g Lys 
1 ml GNlOl = 16.69 ~g Lys 
Since solution was 1 mg -1 then 1 GNlOl contained 16.69 ~g Lys ml mg 
BUT crude protein content 503 g 900 g -1 558.89 g -1 (dry) = Kg 
1 mg of GNlOl protein contained 16.69 ~ g Lys 
.559 
= 29~86 ~ g Lys 
Therefore 1 Kg protein g Lys 
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APPENDIX 5 ctd •••• 
But sample contained 5.99% moisture 
Hence, actual protein present 
1 Kg Sample contained 
-
= 558.89 
1.0599 
~1 
= 527.31 g Kg 
527.31 g protein 
Lysine determined 1n GNlOl = 16.69 
.527 
=31.67 g Kg-l Crude protein 
Using Data from least squares analysis 
E420 0.2 = 
Calculation as above: 
-1 0.0033 lJmol ml Lys 
0.56 ml GNiOl 
Lysine determined in GNlOl 
-1 
= 31.96 g Kg Crude protein 
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APPENDIX 6 (a) Listing Of Linear Regression Program 
(NOT constrained data) 
900 D I 1"·1 D 0:: 20 .• 6 > 
920 FOR 1=4 TO 20 
930 FOR J=1 TO 6 
940 READ D<I,J) 
950 NEXT J 
960 HE::<T I 
1800 PRINT CHR$0::147) 
11 Ci0 PF.: I tH II :~II'!Ie!J"!_l!!!.tP.J.l!~!:b!~ 11 -~ II L I t·~EAF:: REGF.:E::;:::; I Ot·~ F'F.:OGRAt·1 11 
1200 FOR 1=1 to 80b:NEXT I 
1300 81=0 :82=8: 83=0:84=0 
1350 PRINT CHR$<147) 
14~:)0 H4F'UT "EI·HEf'": TITLE OF DATA".~ T~t: 
1500 II·WUT II 1-10~·~ 1·1AI··I'r' F'A I F.:::; OF F'U nn:;;; II .d··l 
1600 FOR I=l TO H 
1 ?Oo PF.: 1 1·-n II El··nEF.: ::·:: II .~ r .~ 
1800 INPUT X(J) 
191210 PF.:Hn 11 EI·HEF.: 1:::;-T 'r' '·.·'AL.UE 11 r 
20(:10 I I··WI..H Dl 
2(.10~5 PF.: I t--IT "EtHER 2HD •,.• '·,·'ALUE" .~ 
2006 I !··~PUT D2 
2008 ~0::1)=(01+02)/2 
2200 S3=S3+X<I>*X<I> 
2300 84=S4+X(l)*~(J) 
2400 85=S5+Y<I>+Y<I> 
2500 t·4E::<T I 
2600 REM NOW TO Fit--10 THE SLOPE 
2700 M=<N*84-S1*82)/(N*S3-S1*81) 
2800 REM NOW FOR THE INTERCEPT 
2900 C=<S3*S2-S1*84)/(H*83-81*81) 
3000 X8=81/H : Y8=82/N 
3100 OX=8QR((83-<81*Sl)/N)/(t--l-1)) 
3200 OY=SQR<<85-<82*82)/N)/(N-1)) 
::::3Ci0 F:=:t·1:C:O:[I::·::,.··'D'r' 
341210 PF.: I t·n - CHF(~:.-.:: 14 7) 
::::500 PF.: J r·-IT T$ 
::::6Ci0 PP I !:·-IT " ::·::II ~TAB.:::;::) .r. II 'r' II .~ TAE: < 14 > .r. "F'F.:ED 'r' 11 .r. TAE: 0::27 > .~ 11 DE'·lr·~" 
3700 F'RIHT :PRINT 
3800 FOR I=l TO N 
4000 Z=Y<I>-<M*X<l>+C) 
4100 Z9=Z9+2WZ 
4200 REM CALCULATE RMS ERROR OF FIT 
4::;::oo PF.: I t·n z 
440(1 t·~E::-::1" I 
4500 Z8=8QR<Z9/N) 
460C1 PPIHT ~PF:IHT 
4 ?CnJ PF.: I t·-IT "t·1EAt·~ ;:-:; ~ " ~ :=<E: .~ TAE: ( 20 > .~ "t·1EAI··~ 'r' : " .~ 'T'B 
4:::oo F'R I HT ~ PF.: I t·n ":=< DE'·..'t·~ ~ II .~ D::-:: .~ TAE: < ;;~o > :~ 11 'r' DE'·..'H ~ " .~ D'T' 
ctdoooo 
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APPENDIX 6(a) ctd ••••. 
4900 PF.:HH :PF.:HH ~~::::LOF'E: II .d·1.~TAE:<20> .~II rtHEPCEPT ~ II .~c: 
5000 F'P I ~H ~ PF.: I I·H "COF:F.:Ui COEFF ~ II .~ I I··H ( F-::9: 100(1+(1. 5 > ,.· l ~:100 .~ .~ TAE: 0::20 > .~ 
s1 oo PF: r ~·n II F: :::ouAF:Etl : II .; I t·n o:: F.::c:ww. 100+0. s > .~ II~·~ II 
5200 PF: I t·H : PF: I HT II F.:t·1::: EF.:F:OP : II .~ z::: 
~:.:~:o~:;:, PP 1 tH : PF: I t·n II THE EG!UAT I m·i I:::: : II 
5400 PF:IHT:PRIHT:PF:IHT TA80::10>; 
5'50121 IF t·1= 1 THEt·i PF.: II···IT II 1T'==:=< II .~ ~ C•OTO 57'0l1 
560~:::; PF: INT 111T1= II .~ t·1.; II ;.~~::-:: II .~ 
5700 IF C>==O THEH F'F.: I HT II+ II .~ c 
s:::a;::u:; IF C<:(i THEI·:i PF.: I HT II II .~ c 
5900 PRINTtPPIHT 
600121 I j··iPUT II HA\·'E 1T10U A PR I NTEF.: II .~ P$ . 
61 o~J IF LEFT~~:< F':t .• 1 >=II 'T' 11 THEH oo:::us 660t1 
6150 PF:INT CHR$(147> 
62~;::;o PI:;;: I trr II PF.:E:::::::: AH'T' KE'T' To Et·m II 
6::::0(1 GET A~t: : IF A~t= II II THEt·i 631210 
6400 CLO:::E2 
e5oo nm 
6600 F:EM PRINTING SUBROUTINE 
670Ci OPEt-i 2 .• 4 
6720 FOR T=l TO 75 
6740 PRINT#2,CHR$0::163>; 
6~::-.::;1;::1 t·iE:=<T T 
6770 PRJ tH#;2 
6800 PRIHT#2,T$:PRIHT#2:PRINT#2 
•S900 PF: 1 t·~Tt~2 .•· II ;:-:;II ,; TAB<:::> .~ 111T1 II .~TAB ( 1. 4 > .~ II F'F.:ED 1T111 .~ Tf1E: 0:: 27' > .~ II DE\•'t··l 11 
7000 PRINT#2,:F'RINT#2 
7100 FOR 1=1 TO N 
7200 PRINT#2, X<I>;TA8<6>;Y(J>;TA80::12>; M*X<I>+C;TA80::25>; 
7300 2=Y<I>-O::M*X<I>+C> 
74~~11a Z~~=Z9+Z=*:Z 
7500 REM CALCULATE RMS ERROR OF FIT 
7600 PF.: I tH#2 .·· 2 
7700 HD::T I 
7800 28=SC!R<29/N> 
79(1(r F'F:: I tH~:f2 .• t F'F.: INT~:f2 
:::ooo PF.:It·F=H2 .• 11 t·1Em·i ;:.:: :II .~>m.~TAE:<20> .~ 11 t·1EAt·~ .,., :II .~'T'B 
:;:: 100 F'F.: J HT#2 .• ~ PF.: I t·H#;2 .• 11 ;:.:; DE'•,'H ~ 11 .~ [1;:.:; .~TAB 0:: 19) .~ 11 ;T1 DE'•/t··!: 11 -~ D'T' 
:::2(10 F'F.: HH#2 .r : PF.: ItH#2 .• 11 :;::u::11=·E: 11 .~ t-1.~ TAB 0::21) .~ 11 HHEF:CEPT: 11 .~ C 
:::::::oo PF.:ItH#2 .• :F'F.:HH4:f2 .• 11 COF.:F.:U·~ COEFF: II.~ ItHO::F-::9:1000+0. 5) .. ··'Hh30:~ .~TAE:0::20 
:::400 PF.:HH:J:l:~~: .• 11 F: :::C!UAF.:ED ~ II.~ -HH<F:i9:P:9:1.00+0. 5> .~ 11 ~'~ 11 
:3500 PF.: I tH:fl:2 .• ~ PF.: I ~H:I:t2 .• II F:t·1::: EF.:F.:()F.: : II .~ z::: 
:::600 F'F.: I tH:I:I:2 .• : F'F.: I HT#2 .• II THE EG!UAT I Ot·i I:::: II 
8700 PRINT#2, TA80::16>; 
:::::::~:::10 IF t·1= 1 THEt·~ PF.: HH#2 .• II 1T'=::-:; II.~ : GOTO 9000 
:::900 PF.: H·~T#2 .• II 1T1= II .~ t·1.~ II ;q;::·:: II .~ 
9000 IF C>=O THEt·~ PF.:IHT#2 .• "+" .~c 
91o.o IF c<o THEt·~ PF.:HH#2 .• II ".~c 
9200 PRINT#2 :PRINT#2 
:?::::oo PF: I tH#2. II::: r (3N r F I cm~cE LE'·/EL" 
APPENDIX 6(a) ctd ••• 
9350 PRINT#2:PRINT#2 
9360 GOSUB 11000 
9400 PRINT#2:PRINT#2 
9600 CLO::::E :2 
9"?00 RETI.J~;:t··l 
10000 REM SIGNIFICANCE ROUTINE 
1 ~J::i0J;::t 1 HF'UT H .• F.: 
10600 OF'Et·4 2, 4 
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11121~~~,;::1 1 F N<4 THEt·~ F'R 11···1T#2 .' II Too FE~·J Po I t-ns FOP ::::I or·4 1 F r CANCE II : RETUR~·4 
1200l1 IF t·D·2o THEt·4 PR HH4*:;:,. II Too NA~·N Po nn:::: FOP r·1E! II : PETUF.:I··4 
1400C1 IF R<:D ( t·4 .• 1 ) THE I··~ PR 1 t..JT:J:I:2 ·' 11 ( :::O~·~ ::;; I GN IF I CAtH 11 : j;.:ETURN 
15(;:10(1 IF P>[l ,;: 1··4 r 6) THEI···I PRJ t··!T:I'f2 .r 11 )99 o ::::~·~ ::;:; I GN IF J CAt·fT 11 : F:ETUF:t··l 
16000 FOR J=2 TO 6 
1 7000 IF R>=D ( N .r ._T -1 ) AHD P<=D ( t·4 ·' .J ) THEt·4 PP I tH#2: ·' t-1$ ,;: .J) .~ 11 ;~::: 1 Gt·4 IF I CA~·H 11 :RETURN 
1 ::::~:::u;;K1 HE>::T .J 
1 511210(:1 F::ETUF.:I···I 
20000 DATA .8,.9,.95,.98,.99,.998 
21000 DATA ~687,.805,.B78,.934~.~59,.986 
22000 DATA .608,.729,.811,.882,.917,.963 
23000 DATA .551,.669,.754,.833,.875,.935 
24000. DAtA .507,.621,.707,.789,.834,.905 
25000 DATA .472,.582,.666 .. 750,.798,.875 
26000 DATA .443,.549,.632,.715,.765,.847 
27000 DATA .419,.521,.602,.685,.735,.820 
28000 DATA .398,.497,.576,.658,.708,.772 
29000 DATA .380,.476,.553,.634,.684,.772 
30000 DATA .365,.458,.532,.612,.661,.750 
31000 DATA .351,.441,.514,.592,.641,.730 
32000 DATA .338,.426,.497,.574,.623,.711 
33000 DATA .327,.410,.482,.558,.606,.694 
34000 DATA .317,.400,.468,.543,.590,.678 
35000 DATA .308,.389,.456,.529,.575,.662 
36000 DATA .299,.378,.444,.516,.561,.648 
APPENDIX 6 (b) Results obtained in assay and analysis of results by linear regression. 
X= volume of Lys assayed 9 Y = E420 reading • Program listing given in Appendix 6(a). 
ASSAY 4 LYS CAL CURVE USING STRAIN PAD 110 
X y PRED Y 
Oo2 Do215 Do25695 
Do4 Oo5785 Do4929 
Do6 Do6835 Do72885 
DaB Oo9665 Oo9648 
MEAN Xg Oo5 
X DEVNg Oo25819889 
SLOPEg 1 o17975 
CORRLN COEFfg 0.,981 
RMS ERRORg Oa0747 
THE EQUATIGN ISg Y = 1o17975 .*X + Oo021 
SIGNIFICANCE LEVEL 
= 98 %SIGNIFICANT' 
MEAN Vg Oo610875 
Y DEVN: Oo31065 
INTERCEPTg Oo,021. 
R SQUAREDg 96% 
See section 6-6-2 (page 2.34) 
DEVN 
-Oo0419500003 
Oo0855999998 
=0o04535 
. 1o6999997E =03 
w 
1-' 
"' 
APPENDIX 6 (c) Results obtained in assay of .GN 101 and statistical treatment by linear regression. 
See Appendices 6(a) for programme used and 6(b) for calibration curve; further dPtails in Section 6-6-2. 
ASSAY 4 LYS GN 101 USING STRAIN PAD 110 
X y PRED Y DEVN 
Do4 Do095Q Do0969166663 
-1o91666622E ~03 
Oo6 Do 1905 Do186666666 3o833333?9E =03 
DaB Oo2?45 Do276416666 ~1o91666622[ ~03 
MEAN Xz OaS MEAN Y: Do1866? 
X DEVNz Do2 Y DEVNg Do08981 
SLOPEz Do448?5 INTERCEPTz =Do08258 
CORRLN CCEFFz Do999 R SQUAR£0g 100% 
RMS ERRl:::Rz 3o833£ =03 
THE EQUATION IS: Y = Oo448?5 *X =0 .. 08258 
SIGNIFICA~CE LEVEL 
TOO FEW POINTS FOR SIGNIFICANCE 
UJ 
f-.' 
'-l 
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